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SYNOPSIS 
This thesis attempts to define the effects of oxygen 
on respiratory development and function in the yeasts 
Candida parapsiZosis and Saccharomyces cerevisiae and on both 
intracellular and morphological differentiation in the dimor-
phic fungi, Mucor genevensis. 
1. Development of both the mitochondrial, respiratory com-
plexes and the glyoxylate cycle enzymes in response to oxygen 
has been studied in Saccharomyces cerevisiae. 
At low oxygen concentrations the synthesis of the 
mitochondrial respiratory complexes is highly sensitive to 
dissolved oxygen concentration in glucose-limited continuous 
cultures. In equilibrated cells a differential synthesis of 
the mitochondrial respiratory complexes occurs in response to 
oxygen; moreover the synthesis of the glyoxylate cycle 
enzymes occurs at higher oxygen tension compared to the respi-
ratory complexes and is related to the switch to oxidative 
metabolism. Like Saccharomyces, Candida parapsiZosis will 
grow fermentatively in micro-aerobic (0.2 µM) continuous 
cultures, and the changes in lipid and cytochrome levels that 
occur are comparable to the effects of low oxygen concentration 
on Saccharomyces. 
2. Maintenance energy measurements on steady state cultures 
indicate that the increased maintenance energy requirement of 
aerobic yeast cultures reflects the energy for the upkeep of 
the mitochondrial respiratory complexes, Cell yields (YATP) are 
vii 
close to the Elsden constant for both yeasts, but substrate 
efficiency for Candida parapsiZosis (P/0 = 1.8) is greater 
than for Saccharomyces cerevisiae (P/0 a 1) in glucose-
limited continuous cultures. 
3. Quantitative and qualitative changes in mitochondrial 
protein synthesis occur in response to changes in oxygen 
tension in Saccharomyces cerevisiae. The contribution of 
the mitochondrial protein synthesizing system to membrane 
assembly and also the activity of rutamycin-sensitive ATPase 
decline with decreasing oxygen concentration. 
Oxygen-limitation and high glucose concentration repress the 
synthesis of specific membrane polypeptides. Similarly, in 
Candida parapsilosis, mitochondrial protein synthesis is almost 
inhibited in micro-aerobic continuous cultures, but in aerobic 
cells accounts for the formation of more than one third of 
the proteins of the organelle. 
4. Proteolipids may be the major products of the mitochondrial 
protein synthesizing system in Saccharomyces cerevisiae. In 
glucose-limited aerobic and micro-aerobic cells, half of the 
total mitochondrial protein products were soluble in organic 
solvents compared to >85 per cent in glucose repressed, aerobic 
cells. The major proteolipids have apparent molecular weights 
of 12,000, 14,000 and 16,000 daltons; the synthesis of these 
proteins is regulated by environmental oxygen and glucose. 
5, Environmental factors affecting the dimorphic response of 
Mucor genevensis have been studied in chemostat cultures. 
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Oxidative metabolism and filamentous growth are induced in 
response to increased oxygen tension in glucose-limited 
conditions; both are inhibited by high glucose concentration 
in aerobic steady-state cultures even though respiratory 
development is only slightly repressed. Moreover, experiments 
with respiratory inhibitors showed that oxidative metabolism 
is not essential for mycelial formation. Established mycelial 
cultures in steady-state conditions can only be reverted to 
yeast-like morphology by elevated glucose concentration 
although anaerobiosis, high glucose concentration and 
chloramphenicol all inhibit oxidative metabolism. Glucose 
is the most important single, cultural factor determining 
the morphology of Mucor gene v ensis. 
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CHAPTER 1 
INTRODUCTION 
1 
2 
l. INTRODUCTION 
1.1 Terms 
Differentiation usually refers to specialization of 
function and the gradual restriction of developmental poten-
tial, In this study the term has been applied to the cyto-
plasmic events that accompany the transition from fermentative 
to oxidative metabolism in yeasts and fungi, On the other 
hand morphological differentiationrefers to changes in the 
overall cellular architecture. 
1.2 Scope of the thesis 
There is general agreement that the evolution of the 
eucaryotes and the higher organisms occurred parallel with 
the appearance of oxygen in the earth's atmosphere (Margulis, 
1970). However, it seems unlikely that respiratory development 
could have occurred spontaneously unless the additional 
energy for specialization was offset by more efficient means 
of substrate oxidation. Warburg et al. (1968) suggested that 
fermentation can only maintain a low level of differentiation 
whereas 
'respiratory energy creates and maintains a high 
level of differentiation'. 
Tissue cultures of cells derived from mammalian embryos revert 
irreversibly to glycolytic metabolism after prolonged growth 
at very low oxygen concentrations (Warburg et al., 1968), 
The regulation of the differentiated state in higher organisms 
may thus be comparable - at least superficially - to the 
environmental control of both intracellular and morphological 
differentiation in the lower eucaryotes, For example, in 
the yeasts oxygen is probably the most important factor regu-
lating the development of the mitochondrial respiratory com-
plexes and associated functions, Oxygen is also required 
for the morphological differentiation of the vegetative state 
in a number of fungi including Blastocladiella and Mucor 
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(for review, Smith and Galbraith, 1971), Whether oxygen acts 
(i) directly at the molecular level, (ii) via small effector 
molecules, or (iii) by virtue of its participation in some 
biosynthetic pathways has been recently reviewed (Hughes and 
Wimpenny, 1969; Wimpenny, 1969), One of the major difficul-
ties has been to isolate the effects of oxygen on intracellular 
and morphological differentiation from the effects of other 
environmental factors and associated metabolic changes. At 
the outset of this study it was thought that the specific 
effects of oxygen on the expression of new gene products and 
the development of the mitochondrial respiratory complexes 
should first be carefully identified before the underlying 
molecular events were studied. 
In selecting the experimental systems it was necessary 
to choose organisms in which intracel~ular organization and 
cellular metabolism were clearly regulated by oxygen, In 
higher organisms including the mammals, homeostatic mechanisms 
in situ buffer environmental changes, while generation times 
in tissue culture systems are generally inconveniently long. 
By contrast, the fungi and in particular the yeasts are 
highly suitable experimental organisms. Only a few eucaryotes 
can grow under strictly anaerobic conditions (Tabak and Cooke, 
1968) and of these Saccharomyces cerevisiae has been the most 
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extensively studied. In addition to the advantages of short 
division time a~d the ability to grow on chemically defined 
media, its mitochondrial respiratory function is under both 
genetic (Roodyn and Wilkie, 1968) and environmental control 
(Lloyd, 1969; Paigen and Williams, 1970). Interest in mito-
chondrial development first focused on Saccharomyces because 
of the absence of respiration and of the aerobic cytochromes 
in anaerobically grown cells. In the transition from anaerobic 
to aerobic culture, respiration and morphologically distinct 
mitochondria (for review, Lloyd, 1969) are induced to develop. 
In addition, the peroxisomal enzymes are synthesized in res-
ponse to oxygen and these may be localized together with some 
of the glyoxylate cycle enzymes in discrete microbodies called 
peroxisomes (Avers, 1971). Significant functional and ultra-
structural changes therefore occur in Saccharomyces in response 
to changes in dissolved oxygen concentration. 
Like Saccharomyces, Mucor genevensis is also a facul-
tative anaerobe in which both mitochondrial structure and 
respiration develop in response to aeration of anaerobic 
cultures (Clark-Walker, 1972). Moreover the transition from 
anaerobic to oxidative growth may be related to the change 
from yeast-like to mycelial morphology. Consequently both 
intracellular and morphological differentiation can be 
studied in the one organism. Fungi exhibiting dimorphism may 
be suitable models for differentiation of a more elaborate 
kind in the higher organisms, 
In contrast to Saccharomyces and Mucor, Candida 
parapsilosis is an obligate aerobe. It has been included in 
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these studies to determine the extent to which some of the 
results obtained with facultative fungi are directly applicable 
to the higher eucaryotes. Unlike Saccharomyces species, 
obligately aerobic yeasts are generally 'petite'-negative, 
that is, incapable of generating stable respiratory deficient 
mutants, and are characterized by the absence of glucose 
repression and anaerobiosis (Bulder, 1964; De Deken, 1966; 
Heslot et a~ 1970). Candida parapsilosis is suitable for 
comparative studies since it grows in aerobic environments on 
the same medium and at comparable rates to Saccharomyces. 
Moreover, techniques for cellular fractionation are similar 
for both organisms. 
This thesis has sought to identify the specific effects 
of oxygen on organelle differentiation and function in 
steady-state cultures of Saccharomyces cerevisiae and to 
determine the additional energetic cost of intracellular speci-
alization. Studies with the dimorphic fungi Mucor genevensis 
have been used to relate intracellular respiratory development 
to the transition from yeast to filamentous morphology. To 
determine whether the results with facultative anaerobes are 
more generally applicable to the higher eucaryotes, a compara-
tive study of some aspects has been made with Candida 
parapsilosis. 
It is perhaps worthwhile to consider in more detail 
the environmental factors regulating mitochondrial differentia-
tion and function in yeasts, and the dimorphic response in 
some fungi. 
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1.3 Effects of oxygen on respiratory development and function 
1.3.1 Mitochondrial differentiation 
It is difficult to manipulate mitochondrial differenti-
ation with environmental oxygen in the higher eucaryotes and 
animals that are completely dependent on mitochondrial 
function. Some studies of lipid and cytochrome synthesis and 
respiratory development in response to oxygen, have been made 
with Candida (Babij et a~, 1967; Johnson, 1967; Brown and 
Rose, 1969; Kellerman et al., 1969; Moss et a~, 1969) and 
Neurospora species (Howell et al~ 1971). But the bulk of the 
present knowledge has come from the study of facultative 
anaerobes such as Saccharomyces. 
been restricted to this organism. 
The following comments have 
Functional mitochondria in aerobic cells carry out a 
number of tasks and are usually characterized by the following: 
(i) a system for the generation of ATP from electron transport, 
(ii) a system for the generation of electron donors, (iii) 
processes for the synthesis and catabolism of lipids and amino 
acids, and (iv) a genetic system involved with differentiation 
and inheritance. 
Under anaerobic conditions mitochondria in 
Saccharomyces cerevisiae undergo both morphological and func-
tional changes. Oxygen limitation affects the composition of 
the organelle in two ways: firstly by preventing the synthes-
is of functional respiratory complexes such as cytochrome a 
oxidase, and secondly by inhibiting the synthesis of lipids, 
such as the unsaturated fatty acids and ergosterol, essential 
to the membrane structure and function. The biosynthetic 
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pathways ·of the latter require molecular oxygen as a reactant 
(Goldfine and Bloch, 1963; Goldfine, 1965; Hughes and 
Wimpenny, 1969; Wimpenny, 1969). It was previously thought 
that when cells were grown to lipid depletion, usually by 
exhaustion of their endogenous reserves, mitochondria were 
entirely absent from the cytoplasm and that oxygen induced 
de novo synthesis (Morpurgo et aZ., 1964; Polakis et aZ., 1964; 
Wallace and Linnane, 1964; Wallace et a~, 1968). This inter-
pretation was based on the finding that mitochondria could not 
be visualized in lipid depleted cells by fixation with potas-
sium permanganate. This matter has now been resolved in 
favour of the view that poorly differentiated promitochondria 
exist even under the most stringent anaerobic conditions 
(Damsky et aZ., 1969; Plattner and Schatz, 1969; Plattner 
et aZ., 1970; Watson et aZ., 1971). The biosynthetic capacity 
of these promitochondria is also affected since mitochondrial 
rRNA (Forrester et a~, 1971 cf. aerobic mitochondria, Rogers 
et aZ., 1967) and protein synthesizing activity cannot be 
detected (Watson et aZ., 1971; Gordon and Stewart, 1972). It 
is also reported that the mitochondria are deficient in 
DNA-dependent RNA polymerase (Rabinowitz et aZ., 1969; Linnane 
et a i., 19 7 2) . 
In contrast, when Saccharomyces cerevisiae is grown 
anaerobically with lipid supplements, the cellular lipid com-
position is similar to that of aerobically cultured cells 
(Jollow et aZ., 1968; Gordon and Stewart, 1971). However, it 
is difficult to make meaningful comparisons between these 
two cell types. Lipid depleted cells are usually obtained 
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from batch cultures after the exhaustion of the endogenous lipid 
reserves in the inoculum and in the medium (Gordon, 1971; 
Gordon and Stewart, 1971). Not only do the promitochondria 
from these cells show morphological and biochemical changes, 
but the protein synthesizing system in the cytoplasm is also 
inactive (Gordon, 1971; Gordon and Stewart, 1972). Batch 
culture methods are therefore unsatisfactory for generating 
viable but lipid-depleted cells for comparative studies. 
Whether continuous culture is a more suitable system for the 
maintenance of lipid-depleted cultures has been considered in 
this thesis. This method has been used to manipulate membrane 
composition and to study the consequent effects on mitochondri-
al and cytoplasmic protein synthesis. Products of both the 
mitochondrial and cytoplasmic protein synthesizing systems 
are required for mitochondrial membrane synthesis (for 
reviews, Ashwell and Work, 1970; Schatz, 1970; Tzagoloff, 
1971; Kiintzel, 1971), The contribution of the mitochondrial 
system can be measured using specific inhibitors of cytoplasmic 
and mitochondrial ribosomes (Schatz and Saltzgaber, 1969). 
Efforts have usually been directed towards determining the 
in vivo effects of cycloheximide and chloramphenicol on either 
amino acid incorporation into subcellular fractions (for 
review, Ashwell and Work, 1970) or on the activity of a 
particular enzyme such as ATPase (Schatz, 1968; Tzagoloff, 
1971) or cytochrome c oxidase (Kraml and Mahler, 1967; Tuppy 
and Birkmayer, 1969; Chen and Charalampous, 1969). The more 
recent literature will be mentioned in the later chapters. 
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It is clear therefore that mitochondrial differentiation 
refers to the enzymic and structural complexity of the organ-
elles and is not meant to suggest that both function and 
structure are completely absent under anaerobic conditions. 
1. 3. 2. The glyoxylate cycle in yeast 
The anaplerotic pathway known as the glyoxylate cycle 
which is associated with oxidative metabolism in yeast is also 
regulated by oxygen. The presence of this cycle enables the 
cells to use two-carbon components for the generation of 
four-carbon skeletons for biosynthesis (for review, Kornberg, 
1966). Avers (1971) has described the presence of micro-
bodies in Saccharomyces cerevisiae that contain some of the 
glyoxylate cycle enzymes in association with catalase and 
peroxide producing enzymes. These particles have been called 
peroxisomes. It is clear that both glucose (Polakis and 
Bar t 1 e y , 1 9 6 5 ; W i t t e t a 7, ., 1 9 6 6 ; Duntz e e t a Z., 1 9 6 9 ; S z ab o 
and Avers, 1969), and oxygen (Chantrenne and Courtois, 1954; 
Kaplan, 1963; Duntze et aZ~ 1969) regulate the activity of 
this group of enzymes. 
In anaerobic yeast cells, isocitratelyase and malate 
synthase were undetectable (Duntze et al, 1969); however, 
these results may have been due in part to glucose repression 
during anaerobic batch culture (Lowden et aZ., 1972). Szabo 
and Avers (1969) have shown that these enzymes increased only 
during the latter part of the diauxic growth cycle in aerobic 
yeast cultures when glucose was exhausted from the medium. 
Unlike the uniformity of regulation that exists in 
Escherischi coli (Vanderwinkel et aZ~ 1963; Vanderwinkel and 
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De Vlieghere, 1968) both yeast (Duntze et a~ 1969; Szabo and 
Avers, 1969) and Neurospora (Flavell and Woodward, 1970, 1971) 
show variations in the extent and kinetics of repression an d 
derepression of the glyoxylate c y cle enzymes i n response t o 
glucose in the medium. Duntze et al.,(1969) i n s tu di e s wit h 
Saccharomyces cerevisiae , showed that when cells are grown on 
acetate as compared with glucose the increase in citrate 
synthase was two-fold, four-fold for aconitase, ten-fold f or 
malate dehydrogenase, twenty-fold for malate synthase and one 
hundred-fold for isocitrate lyase activity. However, enzymes 
of the mitochondrial compartment showed four-fold activity 
increases under comparative growth conditions, A persistent 
relationship between oxidative growth and the development of 
the yeast glyoxylate cycle enzymes is thus apparent. 
The peroxisomal enzymes like the mitochondrial respira-
tory complexes clearly respond to changes in oxygen tension 
and glucose concentration, Furthermore the functional 
dependence between mitochondria and the glyoxylate cycle enzymes 
during oxidative growth on non-fermentable substrates suggests 
that the peroxisome may be an important, additional indicator 
of intracellular differentiation. Whether or not there is a 
co-ordinate response of peroxisomal and mitochondrial develop-
ment during the transition to oxidative metabolism cannot be 
studied effectively in batch culture syst e ms, because t h e 
c ells are continually adapting to an ever-changing environment. 
This difficulty has been avoided in the present studies by 
means of continuous culture techniques; growth under these 
conditions occurs in an unchanging environment once a 
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steady-state is established. 
1.3.3 Energetics and efficiency of respiration and 
fermentation 
Quantitatively the yield of aerobicall y grown cells 
is usually much greater than when the same organis m is grown 
anaerobically, and is presumptive evidence for a large in-
crease in biologically available energy (Forrest and Walker, 
1971). Bauchop and Elsden (1960) proposed that the amount of 
growth of an organism is proportional to the amount of ATP 
available to it from the degradation of an energy source. 
The yields of many different organisms can be compared on the 
basis of a yield coefficient, YATP' defined as the number of 
g dry weight of cells produced per mole of ATP generated from 
catabolism. A rational comparison between organisms growing 
on different substrates or the same organism operating in 
different metabolic modes is possible. The method has been 
applied successfully to microbes growing anaerobically, but 
some anomalous results have been obtained with aerobic cul-
tures (Forrest and Walker, 1971). Largely this difference 
has been caused by the uncertainty surrounding the efficiency 
of ATP generation during respiration, and the availability o f 
this energy for biosynthesis (Harrison and Pirt, 1967; 
Harrison and Maitra, 1969; Harrison and Loveless, 1971). In 
facultative organisms this problem may be overcome by deter-
mining growth yields from steady-state respiration rates and 
carbon dioxide release (von Meyenburg, 1969). 
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In addition to generating new cell mass, energy must 
also be expended to maintain intracellular organization. This 
has been termed the energy of maintenance (Pirt, 1965). 
Consequently when cells are growing very slowly the proportion 
of the available biological energy required for maintenance 
is greater than when the same cells are metabolizing and 
growing more rapidly. An interesting proposition is that the 
maintenance energy requirement should reflect any increase 
in intracellular organization and function. In the present 
studies the additional energy cost accompanying mitochondrial 
respiratory development in Saccharomyces cerevisiae has been 
determined to see whether the deletion of respiratory capacity 
under anaerobic conditions results in any saving in energy 
expenditure. 
1.3.4 Respiration and dimorphism 
In the facultative fungi, Mucor genevensis, oxygen 
induces the formation of aerobic cytochromes and respiratory 
development in anaerobically grown cells (Clark-Walker, 1972), 
and also promotes filamentous growth, Storck and Morrill 
(1971), have isolated a respiratory deficient mutant of 
Mucor bacilliformis that has lost the capacity for mycelial 
development. A tentative causal relationship between 
glycolytic metabolism and yeast-like morphology has been 
suggested by several groups (Terenzi and Storck, 1968, 1969; 
Smith and Galbraith, 1971). Terenzi and Storck (1968, 1969) 
have shown that under anaerobic conditions or in the presence 
of the inhibitor phenethyl alcohol, spores of Mucor rouxii 
formed spherical budding cells instead of hyphae provided that 
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a hexose was present. Phenethyl alcohol inhibited oxidative 
phosphorylation in isolated mitochondria, and s t imulated c arbon 
dioxide evolution and ethanol production by cell cultures. 
However, cell growth was severely inhibited, and t h is con s e -
quently makes the evaluation o f these exper im ents mo r e diffi -
cult. Inhibitors of respiration suppress morphological 
differentiation in Neurospora crassa (Schwalb and Miles, 
1967; Kobr et al., 1967; Crocken and Tatum, 1968) and o x ygen 
is known to induce tricarboxylate activity and associated 
morphology changes in the fungi Blasto cladi el l a e mersoni (for 
review, Smith and Galbraith, 1971). A related phenomenon 
may be the observation that bacterial mutants which are 
blocked in the tricarboxylate cycle, are incapable of sporu l a-
ting (for review, Szulmajster, 1973). Like oxygen, glucose 
affects the dimorphic response. In Muco r gen e vens i s, glucose 
represses mycelial development in anaerobically grown cells 
adapting to oxygen, and slightly represses respiratory develop-
ment (Clark-Walker, 1972). However, whether this respiration 
is functional in the presence of high concentrations o f 
glucose was not determined. Bartnicki-Garcia (1968) showed 
that hexoses and carbon dioxide affect yeast morphology in 
Mucor rouxii, and that these effects are complementary. I f 
the concentration of hexose is high enough then yeast-like 
morphology is induced in the absence of e x ogenous carbon 
dioxide. 
It is difficult to determine the relative ef f ects o f 
glucose and oxygen on the dimorphic response of fungi, from 
studies in which culture conditions have varied greatly; in 
this thesis these parameters were examined in continuous 
cultures of Mucor genevensis, 
1.4 Experimental approach 
Many studies have described the ef f ects of oxy gen o n 
respiratory adaption in facultative yeasts. These studies 
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have often involved an examination of the synthesis of the 
respiratory complexes on aeration of anaerobically grown cells 
(Ephrussi and Slominski, 1950; Ephrussi, 1953; Linnane et a'l. , 
1962; Polakis et al., 1964; for review, Lloyd, 1969; 
Wimpenny, 1969), Another approach has been to study the 
effects of oxygen limitation in shake flask cultures (for 
review, Wimpenny, 1969). The difficulty of defining the pre-
cise effects of environmental factors on microbial physiology 
i n such systems has already been mentioned. Continuous culture 
studies on the other hand, offer many advantages. Growth may 
occur in an unchanging environment once a steady-state is 
established. Most importantly, the growth rate can be 
fixed by the rate of addition of an essential nutrient (dilu-
tion rate) while factors such as pH, dissolved oxygen and 
carbon dioxide concentration can be readily monitored and 
controlled. In particular, the development of oxygen electrode s 
with stable characteristics (Mackereth, 1964; Borkowski and 
Johnson, 1967) together with apparatus to control oxygen 
concentration in the medium (for example, MacLennan and Pirt, 
1966) has meant that the effects of very low concentrations 
of oxygen on the physiological state of microbes can be 
identified. Continuous culture methods have been used 
s uccessfully to study the effects of environmental factors on 
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the production of natural products, the lipid composition of 
eucaryotes, the energetics of cell growth, and respiratory 
development and metabolism (for review, Dean et al., 1972 and 
ref er enc es therein) . For ins ta nee, the effects of oxygen on the 
metabolism of bacterial (Pirt, 1957; Harrison and Pirt, 1967; 
Dalton and Postgate, 1969; Harrison and Maitra, 1969; 
Wimpenny and Necklen, 1971), fungal (Righela et al, 1968; 
Carter and Bull, 1971; Maclennan and Pirt, 1970) and yeast 
systems (Brown and Rose, 1969; Bab i j e t al. , l 9 6 9 ; Mo s s e t a l., 
1969; Brown and Johnson, 1971) have been studied. 
Continuous culture is a most suitable system with whi ch 
to study the differential effects of oxygen on mitochondrial 
development. Biochemical parameters that reflect the functional 
state of the organelles, for example, lipids, cytochromes and 
respiratory complexes have been measured and correlated with 
dissolved oxygen concentration during growth. Similarly the 
quantitative and qualitative effects of oxygen on mitochondrial 
·. 
protein synthesis have been studied with equilibrated cultures 
maintained at different oxygen tensions. Additional experi-
ments to relate respiratory development with function and to 
determine the energetic cost of intracellular differentiation, 
have been carried out using established chemostat methods. 
Moreover, filamentous fungi can be grown in continuous culture 
although the technical problems are more troublesome than 
with unicellular organisms such as yeast. But the system 
does allow the separate effects of oxygen and hexose concentra-
tion on the energy metabolism and the cellular morphology of 
Muaor genevensis to be resolved. 
16 
1.5 Presentation 
The results of this study have been presented as a 
collection of manuscripts, some of which have been published 
or accepted for publication, and others that have been sub-
mitted to journals, For this reason there are minor dif fer-
ences in the presentation and style. 
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Saccharomyces cerevisiae was grown in batch culture over a wide range of 
oxygen concentrations, varying from the anaerobic condition to a maximal 
dissolved oxygen concentration of 3.5 µM. The development of cells was a sayed 
by measuring amounts of the aerobic cytochromes aa 0 , b, c, and Ci, the cellular 
content of unsaturated fatty acids and ergosterol, and the activity of respiratory 
enzyme complexes. The half-maximal levels of membrane-bound cytochromes 
aa 0 , b, and c,, were reached in cells grown in 0 2 concentrations around 04 µM; 
this was similar to the oxygen concentration required for half-maximal levels of 
unsaturated fatty acid and sterol. However, the synthesis of ubiquinone and 
cytochrome c and the increase in fumarase activity were essentially linear func-
tions of the dissolved oxygen concentration up to 3.5 µM oxygen. The synthesis 
of the succinate dehydrogenase, succinate cytochrome c reductase, and cyto-
chrome c oxidase complexes showed different responses to changes in 0 2 concen-
tration in the growth medium . Cyanide-insensitive respiration and P 45 0 cyto-
chrome content were maximal at 0.25 µM oxygen and declined in both more 
anaerobic and aerobic conditions. Cytochrome c peroxidase and catalase 
activities in cell-free homogenates were high in all but the most strictly anaerobic 
cells. 
The genus Saccharomyces has been used 
extensively to study the effects of anaerobiosis 
and catabolite repression on mitochondrial de-
velopment. Organisms from this genus provide 
some of the few systems available among eu-
karyotes in which gene expression is clearly 
regulated by these environmental factors. There 
is, however, a great deal of uncertainty as to the 
precise role of oxygen or the energy source in 
determining the morphological and biochemical 
changes consequent on change of these environ-
mental variables. It is well known, for instance, 
that the synthesis of unsaturated fatty acids, 
sterol, ubiquinone, and a number of hemo-
proteins is inhibited when oxygen is excluded 
from the culture medium. This is a consequence 
of the direct involvement of molecular oxygen in 
~he biosynthetic pathways for these substances 
m the cell (6). However, other changes occur in 
these yeasts as a consequence of the absence of 
oxygen, for example, those involving enzymes of 
the tricarboxy late and glyoxylate cycles (5, 20). 
Whether oxygen is involved as a regulator of 
development by acting at the gene level, or 
whether it acts indirectly as a reactant in the 
8 
syn the is of particular components of the types 
mentioned above, which in turn act as regula-
tors , is a que tion about which little is known at 
present. One approach to this question is to 
consider which developmental changes induced 
by oxygen in yeast a re most sensitive to oxygen. 
From this might come some indication of the 
sequence of developmental events initiated by 
oxygen. In this investigation we report experi-
ments in which Saccharomyces cerevisiae has 
been grown at different dissolved oxygen con-
centrations . Respiratory development in cells 
equilibrated with a range of oxygen concentra-
tions up to 4 µm has been assessed by measure-
ment of enzymes, cytochromes, and lipids 
whose synthesis and function in this yeast are 
dependent on molecular oxygen. 
MATERIALS AND METHODS 
Organism and culture conditions. The organism 
used and composition of the growth medium have 
been described previously (7). 
Measurement and control of dissolved oxygen 
concentration. The dissolved oxygen in the culture 
medium was measured with a Clarke-type oxygen 
electrode (YSI, Yellow Springs, Ohio) when the oxy-
33 
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gen concentration was above 1.5 µM oxygen. Below 
th is value, a MacKereath oxygen electrode, con-
structed basically according to Johnston (1967), was 
used. The MacKereath electrode's silver cathode was 
made from 22-gauge silver wire in the shape of a 
spiral, 1.5 cm in diameter, and the t hickness of the 
Teflon membrane was 0.012 mm. A block diagram of 
the overall control system is shown in Fig. 1. The 
signal from the electrode was amplified with a Copen-
hagen radiometer (PM26) pH meter connected to a 
Servogor Recorder (1-mV scale) using the external 
meter connection (0- 10 m V). After each specified 
time interval, the oxygen controller compared the 
signal from the oxygen-sensing electrode with a refer -
ence voltage which could be set to any value. For our 
apparatus. a time delay of 4 s was chosen since the 
oxygen electrode required 3 s to register approxi-
mately 80% of the increase in oxygen concentration 
after a pulse of air was admitted to the carrier gas 
stream. If the oxygen concentration was lower than 
the reference value, either (i) a solenoid valve was 
opened to admit air to a constant nitrogen gas stream 
(300 ml per min) , or (ii) a peristaltic pump was 
switched on to pump air into the carrier gas when low 
oxygen concentrations were maintained. The duration 
of the air pulse was proportional to the difference 
between the reference voltage and the signal from the 
oxygen electrode. As the sensing electrode's signal 
approached the reference value, the duration of the 
pulse simi larly decreased . The system of control wa 
highly reliable and avoided excessive fluctuation 
about t he set reference even when the oxygen demand 
of the culture was high. Two modifications enhanced 
the stabi lity of the controller. Firstly, the length of 
tubing between the culture vessel and the point of air 
admission was as short as practicable, and secondly 
the gas space above the culture was very small. The 
volume of the culture vessel wa 2.8 liters and thi was 
fill ed to 2.6 liters with medium . Agitation was pro-
vided by a magnetic bar (6-by 1-cm diameter) rotating 
at 200 to 300 rpm . itrogen (from Commonwealth 
Industria l Gases, Sydney, Australia) was "oxygen 
free" grade but contained 1 to 7 µliters of oxygen per 
liter. This nitrogen was uccessively passed through a 
packed glass-fiber filter, through 0.5 M potassium 
hydroxide and finally passed through a vanadyl 
sulfate-zinc amalgam trap (15). Air-saturated 
growth medium was ass umed to contain 230 µM 
oxygen (11, 16). The electrodes were calibrated with 
gas mixtures supplied from Commonwealth Industrial 
Gases, 1 % air in nitrogen and 5% air in nitrogen , and 
al o with lower partial pressures of oxygen, by mixture 
of these standard gas composition with nitrogen. Gas 
fl ow rates were mea ured with calibrated flow meters 
(Roger Gilmont Instruments, New York). 
After calibration of the oxygen electrode, the me-
dium was inoculated with cells to an initial cell 
density of 0.02 to 0.04 mg (dry wt) per ml, and the 
medium was flushed with nitrogen to reduce oxygen 
tension near to that required for a particular experi-
ment . 
Preparation of sub-cellular fractions . Cells were 
collected, then disrupted by using the mechanical 
method described by Gordon and tewart (7). 
A large particle fraction was prepared from the 
cell-free homogenate by centrifuging for 20 min at 
25,000 x p. A s mall particle fraction was obtained 
from the supernatant fluid by centrifuging for 90 min 
at 100,000 x p. These two fraction correspond 
approximately to mitochondria and microsomes. 
Enzyme assays. Enzymatic assay of cytochrome c 
peroxidase (ferrocytochrome c: H , O , oxidoreductase; 
EC 1.11.1.5) was carried out e entially by the method 
of Yonetani and Ray (24) , except that sodium acetate 
buffer (pH 6.0) was used instead of potassium phos-
phate. 
Succinate dehydrogenase (succinate: cytochrome 
c oxidoreductase; EC 1.3.99.1) was measured as fol-
lows. The reaction mixture consisted of 1.0 ml of 
200 mM potassium phosphate (pH 7.2); 0.5 ml of wa-
ter ; 0.1 ml of 0.6 M sodium succinate; 0.2 ml of 3 
mM sodium ethylenediaminetetraacetic acid 
(EDTA) (pH 7.2); 0.1 ml of 20 mM potassium cya-
nide ; and 0.1 ml of oxidized cytochrome c (10 mg/ 
ml). The reaction was started by adding enzyme. 
Cytochrome c oxidase (ferrocytochrome c: O , ox-
idoreductase; EC 1.9.3.1) was assayed by the method 
of Smith (19). Activities of these three enzymes are 
given as initial velocity of cytochrome c oxidation or 
reduction , as appropriate. 
Other enzymes were assayed by standard proce-
dure : succinate dehydrogenase by the method of 
Arrigoni and Singer (l); fumarate hydratase (L-mal-
ate hydro-lyase ; EC 4.2. 1.2) according to Vary et al. 
(20); catalase (H ,O,: H ,O , oxidoreductase; EC 
1.11.1.6) as described by Bonnichsen et al. (3). Pro-
tein was determined by the method of Lowry et al. 
(14). The measurement of cell respiration has been 
described previously (7). 
Measurement of cytochromes . Cytochromes were 
determined using a Cary 14R s pectrophotometer 
fitted with a scattered-light trans mission acce sory . 
Spectra were measured at room temperature and 
at - 196 C. 
The concentration of cytochrome aa 3 was estimated 
from the difference in absorbance at room tempera-
ture between reduced and oxidized pigment at 605 
minus 630 nm using an millimolar absorbancy coeffi-
cient of 16 cm - • Cytochromes b, c. and c, were then 
determined by using the resolved spectra obtained at 
low temperature and referring to the aa, peak (4). 
Millimolar specific absorbancies and wave-length 
r ,, 
T 
F1G . 1. Block diagram of the apparatus used to 
measure and control oxygen concentration in the 
culture medium. 
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pairs u ed were: b. 17 .9 cm - •, 559-575 nm; c, 19.0 
cm-•, 547-540 nm; c •. 19.0 cm - •. 55~-540 nm . 
Extraction of ubiquinone, lipids, and cyto-
chrome c. The cellular ubiquinone, fatty acid, and 
sterol contents were determined by methods previ-
ously described (7). Cytochrome c was extracted from 
whole cells according to the method of Sels et al. ( 17). 
Cytochrome P ., 0 content of cells. Cytochrome 
P., 0 was esti mated from the carbon monoxide plus 
dithionite-reduced versus dithionite-reduced spectra 
of whole cell uspensions at room temperature. The 
concentration of P .,0 was calculated from the differ-
ence in absorbancy at 450 minus 490 nm using the 
specific absorbancy coefficient quoted by Ishidate et 
al. (10). 
Measurement of oxidation-reduction potential. 
The redox potential of the culture medium was 
monitored during growth with a platinum electrode 
and a calomel electrode as reference connected to a 
radiometer (Copenhagen) pH meter. 
RESULTS 
Growth characteristics. In Fig. 2, growth 
curves for cultures grown under anaerobic con-
ditions (i.e. , without air added to the nitrogen 
stream) and at an oxygen concentration of 2.8 
µM are shown. Growth under anaerobic condi-
tions proceeds until a cell density of approxi-
mately 1 mg (dry wt) per ml is reached (Fig. 2 
a). Thereafter, the cells cease growing and, 
subsequently, viability decreased as reported 
previously (7). Small amounts of respiration are 
detected even in these cells, and this is maximal 
at about mid-exponential phase and decreases 
slightly by the beginning of stationary phase. 
The oxidation-reduction potential of the me-
dium during cell growth follows the respiration 
curve closely, reaching a maximum at about the 
same time. 
C> 
0 
0 -' --'- .L 
12 16 20 24 28 
Time (hr 
~ 150 
I 
Fie . 2. Cell respiration and oxidation redox poten-
tial in aerobic and anaerobic cult_ures. Cell density 
(e ); cell respiration (A); E. (v'). 
Cells grown in 2.8 µM oxygen also show a 
maximum in cell respiration in late exponential 
phase, with a maximum potential developed in 
the medium at the same time (Fig. 2b). lncreas. 
ing the oxygen concentration to approximately 
9 µM did not affect the respiratory activities 
developed. Respiration in these cells is similar 
to that found in shaking cultures of this orga. 
nism. Changes in cell respiration appears to 
develop over a narrow range of oxygen tension. 
The two examples described above represent 
the region in which the effect of oxygen tension 
on cellular growth and development was ex-
amined. When cells were grown at intermediate 
oxygen concentrations, similar shaped curves 
relating respiration, potential , and growth 
were obtained. For a particular dissolved oxy-
gen concentration, the maximum value of res-
piration developed is quoted throughout the 
text and in diagrams. This was also the point at 
which redox potentials were measured, and 
when cultures were harvested for assay of the 
enzymes, cytochromes, and lipids. 
In Fig. 3 the effect of dissolved oxygen con-
centration on the maximal respiration devel-
oped, and on growth rate, are shown. Under 
anaerobic conditions , generation times are of 
the order of 5 h, and the respiration developed is 
about 5% of the maximum rate achieved in the 
most aerobic condition. At 3.5 µM oxygen, 
respiration is 180 to 200 ng atoms of oxygen per 
mg per min and the doubling time is a little over 
1 h. There is almost a linear relationship be-
tween redox potential and oxygen tension in the 
cultures, and, considering the stable nature of 
the potential measurement, it is a useful alter-
native to the measurement of oxygen tension as 
conditions of anaerobiosis are approached. As a 
consequence of this near linear relationship, re-
sults expressed below as a function of oxygen 
concentration would show essentially the same 
pattern if plotted in terms of the oxidation-re· 
duction potential of the medium. 
Respiratory components in cells grown at 
low oxygen concentrations. (i) Cyanide-in· 
sensitive respiration, P ••• and cytochrome c. 
A maximum activity of cyanide-insensitive res· 
piration occurs in cells grown in 0.2 to 0.5 µM 
oxygen (Fig. 4). The synthesis of P •••• a pigment 
that may be associated with non-mitochondrial 
respiration (9) is also maximal in this region of 
oxygen concentration. Cytochrome c synthesis 
shows approximately an opposite relationship 
and, above 0.4 µM oxygen, the amount of 
cytochrome c increases almost linearly with 
oxygen concentration. 
(ii) Unsaturated fatty acids and ergosterol. 
One of the more sensitive responses to low 
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FIG. 3. Effect of dissolved oxygen concentration on 
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Fm. 4. Cellular content of cytochrom e c (e ). P, •• 
(0) , and cyanide-insensitive respiration (• ) of cells a 
a fun ction of oxygen concentration in the growth 
medium. 
oxygen tension in the medium is seen in the 
unsaturated fatty acid and sterol content of the 
cells (Fig. 5). Aerobic cells contain approxi-
mately 90 µg of total fatty acid per mg (dry wt) ; 
about 80% of this is accounted for as mono-
unsaturated fatty acids (pa lmitoleic and oleic). 
In anaerobically cultured cells the total fatty 
acid content is much lower (20 µg per mg dry 
wt), and in addition the proportion of unsatu-
rated fatty acids to total fatty acids is less 
than 20%. The sterol content of the cells is also 
low: 0.3 to 0 .5 µg per mg of cells , compared with 
about 3 µg per mg in cells grown aerobically . As 
the disso lved oxygen concentration is increased, 
the total fatty acid and the unsaturated fatty 
acid increase in a similar fashion, whereas sterol 
~Ynthesis lags initially , but then increases rap-
idly as oxygen tension rises . Above an oxygen 
concentration of 0.75 µM , the cellular content of 
these lipids increases more gradually . 
(iii) Enzyme content of cells grown at low 
oxygen tension. The activity of a number of 
enzymes associated with mitochondrial and 
extramitochondrial respiratory processes was 
measured in cells grown at various oxygen 
concentrations to determine differences in the 
extent of synthesis of different parts of the 
respiratory chain in response to oxygen (Fig. 6) . 
Succinate dehydrogenase was measured as a 
representative flavoprotein of the mitochondrial 
respiratory chain; succinate-cytochrome c re-
ductase and cytochrome c oxidase as cyto-
chrome-containing complexes of the respiratory 
chain ; and fumarase as a representative soluble 
enzyme of the tricarboxylate cycle. Cytochrome 
c peroxidase and catalase were also measured in 
these experiments; the former may also be a 
mitochondrial enzyme (2 , 23) , and the latter is 
probably peroxisomal in origin (9). In our prep-
arations, however, these two hemoproteins were 
recovered predominantly in the cytosol fraction 
described below. 
Of the mitochondrial respiratory chain com-
ponents measured , the synthesis of succinate-
cytochrome c reductase was most sensitive to 
environmental oxygen. Development of activity 
was maximal at 0.35 µM oxygen. Cytochrome 
oxidase and succinate dehydrogenase were 
somewhat less sensitive, there being little fur-
ther increase above 1 µM oxygen. 
The synthesis of both cytochrome c peroxi-
dase and catalase are particularly sensitive to 
oxygen. In the case of the former, activity is 
fully developed in cells grown at 0.23 µM oxygen 
Fie . 5. Sterol content (0), total fatty acid content 
(A ), and proportion of un,saturated fatty acids to total 
fatty acid (e ) in cells grown at different dissolved 
oxygen concentrations . 
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F1G. 6. Enzyme activities in cell -free homopenates 
of cells grown at different oxygen concentrations . 
Succinate dehydrapenase C• l; succinate-cytochrome 
c reductase (0); cytochrome oxidase (e ): fumarase 
(D); cytochrome c peroxidase( &); and catalase (\l). 
Enzy me activities have been expressed as percentage 
of the activity measured in cells grown in 3.5 µM 
oxygen. The activities (micromoles per minute per 
milligram of protein) in these cells were: succinate 
dehy drogenase, 0. 12; succinate-cytochrome c reduc-
tase, 0.016; cytochrome oxidase, 0.065; fumarase, 
0.275; cytochrome c peroxidase, 0.24; catalase, 4.0. 
and above . The synthesis of catalase showed a 
biphasic response, being very sensitive at low 
concentrations of oxygen then showing a further 
increase at the higher concentrations of oxygen 
used . The synthesis of fumarase, on the other 
hand , was almost linear m its res ponse to 
dissolved oxygen, and in this respect is similar 
to cytochrome c (Fig. 4) and ubiquinone as 
described below. 
Subcellular distribution of respiratory 
enzymes. In all cell types examined, more than 
60% of the total cytochrome c oxidase was 
recovered in the 25,000 x g fraction , the remain-
der being a sociated with the 100,000 x g 
particles. In the more aerobic cells, approxi-
mately 80% of the total succinate-cytochrome c 
reductase activity occurred in the 25,000 x g 
fraction. A smaller proportion of this enzyme 
was recovered in this fraction from the more 
anaerobic cells. 
Cytochrome c peroxidase and catalase oc-
curred almost exclusively in the 100,000 x g 
supernatant fraction , with one exception . In 
anaerobic cells (respiration rates of 10- 15 ng 
atoms of oxygen per min per mg) the small 
amount of catalase in the cell was predomi-
nantly associated with the microsomal fraction. 
Of the fumarase activity in cell homogenates, 10 
to 20% was recovered in particles , mostly the 
25 ,000 x g fraction . 
The changes in distribution of enzymes be. 
tween the two particulate fractions and the 
supernatant fraction in response to altered oxy-
gen tension may reflect real differences in 
di tribution existing in the cell , or changes in 
the tightness of binding to sub-cellular struc-
tures , or both. The mechanical method of cell 
disruption used in these experiments is not the 
best means of measuring changes in compart-
mentation of enzymes. However, less disruptive 
techniques of cell fractionation , using prelimi-
nary formatio n of s pheroplasts, we re not satis-
factory because enzyme levels change during 
the long incubation periods involved. 
Spectra of cell homogenates and of cell, 
free particle fractions. The results descri bed 
above suggest that the synthesis of the succi-
nate-cytochrome c reductase complex is signfi-
cantly more sensitive to oxygen than is cyto-
chrome oxidase. However, since catalytic activ, 
ity rather than total enzyme protein was mea-
sured, this could be a consequence of a more 
effective integration of cytochromes b and c, 
into the catalytic complex, rather than being 
due to a greater synthesis of these cytochro mes 
at low oxygen tension. The total amount and 
distribution of individual cytochromes was 
therefore measured from difference spectra of 
cell-free homogenates and particle fractions. 
Examples of the dithionite-reduced minus 
ferricyanide-oxidized difference spectra of cell-
free homogenates from cells grown at several 
different oxygen tensions are shown in Fig. 7. 
Cells grown at 3.5 J.LM oxygen have a spectrum 
typical of aerobically grown cells and contain 
cytochromes aa 3 , b, Ci, and c (low-temperature 
a-absorption maxima at 601, 559, 553, and 547 
nm, respectively, and ,S-bands at 528 [b J and 
520 nm [c + c, ], respectively) . When the oxygen 
tension is decreased to 0.7 J.LM , the cytochrome 
c content falls relative to b and c 1 • As the oxY· 
gen tension is lowered still further, the 547-nm 
band decreases until it is no longer visible in the 
anaerobic cell. In the range of oxygen concentra-
tion below about 0.5 J.LM , the 559-nm band is 
progressively shifted to a lower wavelength and 
is located at 557 .. 5 nm in anaerobically grown 
cells; si multaneously , the 553-nm peak de· 
creases to 551.5 nm. These trends are also 
apparent in the ,S-region ; the absorption bands 
of cytochromes b and c + c, also decre3se, 
whereas bands at 526 and 531 nm become more 
II 
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F1 a. 7. Difference spec tra , (dithionite-reduced 
minus ferricyanide-oxidized, - 196 C) of cell-free 
homogenates, from cells grown at different oxygen 
tensions. 
prominent . Thus , the anaerobic cell is charac-
terised by two a-bands of almost equal intensity 
(557 .5 and 551.5 nm) , and these may represent 
the split absorption band of a b type cyto-
chrome, possibly cytochrome b, (12). When 
endogenous reductants were allowed to reduce 
the cytochromes , t he results were essentially the 
ame as those seen with dithionite. 
Figure 8 shows spectra of low-speed fractions 
from cells grown in 0.4 J.LM oxygen (respiration 
rate: 65 ng atoms of oxygen per min per mg of 
cells). When reduced with succinate in the 
presence of cyanide, cytochromes a (601 nm), b 
(559 nm) , c, (553 nm) , and c (547 nm) can be 
seen . By adding antimycin A (final concentra-
tion 5 J.Lg/ml) to oxidized particles prior to 
reduction with succinate, absorption bands due 
to cytochrome b (559 nm with /j-band at 528 
nm) are seen . Addition of ascorbate under these 
conditions results in cytochrome c, (553 and 520 
nm ) becoming reduced. Cytochromes c and a 
are also reduced . When the particles were 
reduced with dithionite, there was an increase 
in the intensity but no change in the position of 
the absorption bands. 
When the same treatments were applied to 
the 100,000 x g fraction the sa me results were 
obtained if reduction was carried out with 
succinate and ascorbate, though the intensity of 
the absorption bands was lower . With dithionite 
as reductant, a slight shift in the position of the 
a-bands occurred, and t he 559-nm band was 
depressed to 558 nm and the 553-nm peak was 
depressed to 552.5. This would suggest that the 
anaerobic b-type cytochrome (a bands at 557 .5 
and 551.5 nm) is present in this fraction and 
although not reduced by succinate, it becomes 
apparent when dithionite is used. 
The sa me approach was used to examine 
particles from cells grown at 0.17 J.LM dissolved 
oxygen (respi ration rate: 30 ng atoms of oxygen 
per min per mg of protein). The amount of 
cytochrome c in comparison to cytochromes b 
and c, is particularly low in both the 25,000 x g 
and 100,000 x g particle fractions , as is the case 
in the cell homogenates; the anaerobic b-type 
cytochrome appears to be concentrated in the 
100,000 x g fraction as judged by a shift to lower 
wavelengths of the maxima when dithionite is 
used (Fig. 9) . 
Spectra of homogenates from anaerobic cells 
(respiration rate, 10- 15 ng atoms of oxygen per 
min per mg) suggest that these cells contain 
only the anaerobic cytochrome b, (Fig. 7) . Yet a 
25,000 x g fraction from these cells, when 
reduced with succinate plus cyanide, does con-
tain small amounts of cytochromes aa3 , b, and 
c. The 100,000 x g microsomal fraction contains 
virtually only anaerobic b-type cytochrome as 
shown by the split a-band (557 .5 and 551.5 nm) 
and a Soret band at 424 nm . 
A quantitative assessment of the relative 
amounts of the aerobic cytochromes formed in 
response to altered oxygen tension is shown in 
Fig. 10. Values given are for cell-free homoge-
nates except for cells grown at 0.17 and 0.35 J.LM 
oxygen, in which case t he cytochrome content of 
the two particulate fractions has been summed. 
There appears to be little difference in synthesis 
of cytochromes aa 3 compared with b and c, in 
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FIG. 9. Difference spectra ( - 196 C) of particles 
from cells grown in 0.17 µM oxygen. A, Particl~ 
(25,000 x g) reduced with succinate with cyanidt 
present. B, M icrosomal fractio n (100,000 x g) re· 
duced with succinate with cyanide present. C, Mi· 
crosomal fraction reduced with dith ionite. 
reduced with ascorbate in the presence of antimycin 
A . D, Particles reduced with dithionite . 
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response to increasing oxygen tension . 
The synthesis of cytochrome c, as measured 
in these spectroscopic experiments, was less 
sensitive to oxygen and approximately propor-
tional to the external oxygen tension. In this 
respect the results a re s imilar to those shown in 
Fig. 4. The results obta ined by the spectroscopic 
method, however, a re somewhat lower than 
those fou nd by extraction . Ubiquinone, ex-
tracted from the cells, showed a linear response 
to oxygen concentration imilar to that of cyto-
chrome c. 
DISCUSSION 
In this study of the relationship between 
environmental oxygen tension a nd the develop-
ment of respiratory pathways (mitochondrial 
and extra-mitochondrial) in S. cerevisiae, two 
questions have been asked: firstly, how sensitive 
quantitatively is the development of respiratory 
pathways in t his organi m to external oxygen; 
secondly, among the cellular developmental 
events considered, is there a particular sequence 
that might provide evidence as to the action of 
molecular oxygen as an initiator and regulator 
of development? 
The synthesis of enzymes such as cytochrome 
c peroxidase and succinate-cytochrome c reduc-
tase i particularly sen itive to oxygen in t hat 
the activities of these enzymes are near those 
found in aerobic cells at oxygen concentrations 
of about 0.02 µM (equivalent to one-thousandth 
part of air saturation of the medium) . This 
degree of sensitivity explains the observation of 
Sel and Cocriamont (18) that cytochrome c 
peroxidase synthesis is not repressed in S. 
cereuisiae at oxygen tensions down to one-hun-
dredth that of air saturation. It may also 
account for the high levels of this enzyme found 
in "anaerobic" cells by others (2, 13). The 
recovery of the peroxidase almo t entirely in the 
cytosol fractio n in the present experiments may 
be a consequence of the mechanical method of 
cell brea kage used, since t here is good evidence 
that the enzyme is localized in mitochondria in 
lhi yeast (2, 24). 
The synthesis of membrane lipids in t he cells 
and membrane-bound mitochondrial cyto-
chrome shows a half-maximal response to oxy-
gen concentrations of 0.1 to 1 µM oxygen. This 
is signi ficantly lower than the corresponding 
value for growth rate (> 2 µM oxygen); these 
values will be referred to a "apparent Km 's" for 
oxygen. The latter value i similar to the K m fo r 
respiratory oxygen consumption by S. cerevisiae 
of (2.8 µM ) reported by Winzler (22) which 
suggests that the growth rate of this organism at' 
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FIG. 10. Cytochrome and ubiquinone content of 
cell-free homogenates prepared from cells grown at 
different oxygen concentrations. Symbols: 0, Cyto-
chrome c extracted from whole cells; 0, cvtochrome 
c determined spectrophotometrically; • . ubiauinone, 
6, cytochrome aa,; D, cytochrome b; <:J , cytochrome 
c,. Cytochrome levels are expressed a percentage of 
cytochrome content found in cells prown at 3.5 µM 
oxygen concentration. The cytochrome content (nano-
moles per milligram of protein) of these cells was: aa,, 
0.065; b, 0.13; c, 0.12: c,, 0.08. The ubiquinone 
content of these cells was 0.18 mg per g (dry wt) of 
cells. 
low oxygen tension is determined by the rate of 
respiratory energy production in the cell, rather 
than by the synthesis of specific cell compo-
nents . The obligately aerobic yeast Candida 
utilis, on the other hand , has an apparent Km 
for oxygen related to growth of0.5 µM (11). This 
may indicate that in this organism, oxygen for 
biosynthetic reactions may be the rate-limiting 
factor for growth at low oxygen tension. 
The developmental pattern of mitochondrial 
components seen in this organism suggests that 
there is a differential rather than a co-ordinate 
response to environmental oxygen with respect 
to the particulate lipids and cytochromes on the 
one hand, and the mobile electron carriers and 
accessory enzymes on the other. The half-maxi-
mal levels of membrane-bound cytochromes 
aa,, b, and c, were observed in cells grown in 
oxygen concentrations around 0.4 µM, and the 
ap parent Km of0.5 µM oxygen for the synthesis 
of ergosterol and unsaturated fatty acids is not 
significantly different, suggesting a co-ordinate 
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synthesis of the particulate elements of the 
inner mitochondrial membrane. Some small, 
but reproducible differences in oxygen sensitiv-
ity were evident between ome of these compo-
nents. The synthesis of cytochrome band c, was 
more sensitive to oxygen in the culture medium 
compared to cytochromes aa,, and this may 
reflect the assembly sequence during membrane 
development. Similar considerations may apply 
to the observation that unsaturated fatty acid 
ynthe is is more sensitive to oxygen than is 
ergo terol synthesis. 
The results obtained from assays of the re-
spiratory enzyme complexes which contain the 
particulate cytochromes showed a less than 
co-ordinated synthesis of cytochrome oxidase, 
succinate cytochrome c reductase , and succi-
nate dehydrogenase , and needs to be explained 
in terms other than a differential synthesis of 
the component cytochromes . The results in Fig. 
6 showed that the synthesis of succinate cyto-
chrome c reductase very nearly paralleled the 
development of the particulate cytochromes b 
and c,, whereas the greatest discrepancy oc-
curred between cytochrome aa, synthesis and 
the development of cytochrome c oxidase activ-
ity. It is probably not surprising that respiratory 
enzyme activity does not exactly parallel varia-
tion in the component cytochromes since other 
components are also part of the complete en-
zyme systems. The synthesis of these additional 
components may be uncoupled from cyto-
chrome synthesis . In the case of cytochrome c 
oxidase, the synthesis of the catalytically active 
system may be imagined in three separate 
steps: firstly , the synthesis of the apoprotein 
components; secondly , the association of the 
specific prosthetic group with these apo-
proteins ; and lastly, the production of struc-
tural building blocks to enable the integration 
of the holoenzyme into the mitochondria. It has 
been reported that some constituent proteins of 
cytochrome c oxidase in yeast are made on the 
mitochondrial ribosomes (8) . When cells are 
grown at low oxygen concentrations, the synthe-
sis of essential structural proteins or protein 
constituents of cytochrome c oxidase may 
ubsequently limit the development of the cat-
alytically active sy tern . 
The plot of cellular respiration rate versus 
oxygen concentration in the medium (Fig . 3) 
shows an almost linear relationship, and is quite 
imilar to the curve relating the cellular levels of 
ubiquinone and cytochrome c to the oxygen 
concentration used for growth. The synthesis of 
these two constituents of the electron chain, 
therefore, reflects the functional condition of 
the electron transport chain, and does not follow 
the same response pattern to environmental 
oxygen as the particulate cytochromes b, c, , and 
aa 3 • The dissociation of ubiquinone synthesis 
from that of other components of t he respiratory 
chain has also been shown by using inhibitors of 
protein synthesis in nongrowing systems (7). 
Ubiquinone synthesis and incorporation into 
mitochondria could occur even in t he absence of 
particulate cytochrome synthesis and the syn. 
thesis of both cytochrome c oxidase and succi-
nate dehydrogenase . It appears from the re ults 
presented that there is an apparent priority for 
oxygen for the synthesis of the particulate 
elements of the inner membrane of mito-
chondria, compared to the synthesis of ubiqui-
none, cytochrome c, and fumarase. 
It is not possible from the experiments de-
scribed to determine the relative importance of 
oxygen tension and oxidation -reduction poten-
tial as regulators of development in t his yeast, 
since change in oxygen tension resulted approx-
imately in a proportional change in redox poten-
tial. This appears to be in contrast to the 
situation that exists in chemostat cultures of 
Escherichia coli and Klebsiella aerogenes, 
where at low oxygen tension redox potential 
may increase very considerably without equiva-
lent change in oxygen tension of t he culture 
(21). 
These experiments have defined the range of 
oxygen concentration over which the synthesis 
of mitochondrial components occurs. Further 
experiments to relate mitochondrial biosynthe-
sis with the development of peroxisome in 
continuous culture are in progress. 
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SUMMARY 
Saccharomyces cerevisiae grown in glucose-limited con-
tinuous culture at low dissolved oxygen concentrations exhi-
bited high potential respiration rates which reflected the 
activity of the respiratory enzyme complexes. The development 
of the mitochondrial respiratory enzymes, unsaturated fatty 
acids and lipids was highly sensitive to dissolved oxygen 
even in cells which were growing exclusively by fermentation. 
A shift to oxidative growth occurred when the oxygen concentra-
tion was increased; the apparent oxygen Km for the develop-
ment of the respiratory complexes was 0,1 µM. The increase 
in oxidative metabolism at increased oxygen concentration is 
related to the development of a functional glyoxylate cycle, 
Synthesis of the peroxisomal enzymes, including those of the 
glyoxylate cycle, occurred at significantly higher dissolved 
oxygen concentration than that of the mitochondrial enzymes. 
INTRODUCTION 
In the transition from anaerobic to aerobic growth 
conditions, the yeast mass in cultures of Saccharomyces 
cerevisiae grown on fermentable sugars increases five to 
ten-fold (Kormancikova, Kovac and Vidova, 1969), In terms 
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of the energetics of yeast-mass production, this is primarily 
a consequence of the contribution of mitochondrial oxidative 
phosphorylation to the overall energy economy of the yeast. 
This increased yeast mass also involves altered biosynthetic 
patterns, particularly the glyoxylate cycle (Kornberg, 1966). 
The latter pathway allows the yeast to utilize ethanol, 
produced in the fermentative stage of growth, to form precur-
sors for cellular components. 
In Saccharomyces cerevisiae, the key enzymes of the 
glyoxylate cycle, isocitrate lyase and malate synthase, are 
repressed by glucose (Polakis and Bartley, 1965), and are 
absent from anaerobically grown yeasts (Duntze, Neumann, 
Gancedo, Atzpodien and Holzer, 1969); the latter circumstance 
may also be due to the glucose repression that is inevitable 
in batch-grown anaerobic cultures (Lowden, Gordon and Stewart, 
1972), Repression of malate synthase by glucose could not be 
demonstrated by Szabo and Avers (1969), who reported that 
malate synthase and isocitrate lyase are located in peroxi-
somes in yeast cells, and that the activities of enzymes in 
mitochondria and peroxisomes are independently regulated. 
They also suggested that the association of glyoxylate shunt 
and peroxide-metabolizing enzymes in peroxisomes may be 
related to the involvement of this organelle in gluconeo-
genesis, and as an oxidase system disposing of NADPH. 
The increase of yeast mass that accompanies transition 
from anaerobic to aerobic growth necessarily involves both 
the energy contribution of mitochondria and the anaplerotic 
contribution of the glyoxylate cycle of the peroxisomes, It 
thus seems surprising that these pathways should develop 
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and function independently, as Szabo and Avers (1969) suggest, 
However, this question cannot be examined effectively in 
batch cultures, in which many parameters affecting organelle 
development are changing with time, Using a glucose-limited 
chemostat, we have investigated the regulation by oxygen of 
the synthesis of key enzymes of mitochondria and peroxisomes 
in Saccharomyces cerevisiae. 
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METHODS 
ORGANISM AND GROWTH CONDITIONS 
Saccharomyces cerevisiae, a locally isolated diploid 
strain, was grown in a 4 1 capacity New Brunswick Microferm 
at 28°c over a range of oxygen concintrations maintained by 
a dissolved-oxygen controller accessory. Oxygen concentrations 
were measured with a Mackereth (1964) electrode constructed 
according to Johnson (1967), 
the following (per cent, w/v); 
The nutrient medium contained 
glucose, 0.3 or 1.0; 
(NH 4 ) 2 so 4 , 0.3; 
Mgso 4 .7H 20, 0.2; 
0. 5. 
NaCl, 0,05; CaC1 2 , 0.01; KH 2Po 4 , 0.2; 
FeC1 3 , 0.0003; and Difeo yeast extract, 
Anaerobic conditions of growth were established by 
gassing the main nutrient reservoir continuously with nitrogen 
from which residual oxygen had been removed by passage either 
through a vanadyl sulphate trap (Meites and Meites, 1948), or 
over a copper catalyst heated to 150°c. The nitrogen used 
was 'oxygen free' grade from Commonwealth Industrial Gases, 
Sydney, Australia, The nutrient was pumped into a smaller 
reservoir (250 ml), where it was again flushed with nitrogen. 
The nutrient then passed into the chemostat by an overflow 
tube which also carried the nitrogen stream to the fermenter 
vessel. 
ANALYTICAL PROCEDURES 
Procedures for the determination of yeast dry weight in 
culture~, measurement of potential respiration and cytochromes, 
assay of enzymes, and extraction and determination of lipids 
have been described previously (Gordon and Stewart, 1971; 
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Rogers and Stewart, 1973). Actual respiration rates of, and 
carbon dioxide evolution by, cultures in steady state were 
calculated from differences in concentration of oxygen and 
carbon dioxide in the input and exit gases. After equilibra-
tion of these gases with water, oxygen and carbon dioxide 
concentrations were measured by means of a YSI oxygen monitor 
(Yellow Springs Instruments, Ohio, U.S.A.) and a carbon 
dioxide electrode (Radiometer, Copenhagen, Denmark) connected 
to a Radiometer model 26 pH meter. The carbon dioxide 
electrode was standardized with gas mixtures supplied by 
Commonwealth Industrial Gases. Isocitrate lyase (EC.4.1.3.1) 
and malate synthase (EC.4.1.3.2) were assayed by the methods 
of Dixon and Kornberg (1959), Glycolate oxidase (EC.1.1.3.1) 
was assayed by the method of Feierabend and Beevers (1972). 
CELL -FREE HOMOGENATES 
Yeast was harvested by centrifugation after chilling on 
ice, and disrupted in a Braun MSK homogenizer (Gordon and 
Stewart, 1971). Fromthe cell-free homogenate a large-particle 
fraction corresponding to mitochondria was prepared by 
centrifuging for 20 min at 25000 g, and a small-particle 
fraction was obtained from the remaining supernatant by 
centrifuging for 90 min at 100000 g. Both fractions were 
washed once before resuspending in the homogenization buffer. 
Protein was determined by the method of Lowry, Rosebrough, 
Farr and Randall (1951). Glucose was determined in culture 
filtrates with the glucostat reagent (Worthington, New 
Jersey, U.S.A.), and ethanol with a test kit forblood alcohol 
(Boehringer, Mannheim, Germany). 
RESULTS 
EFFECT OF OXYGEN TENSION ON RESPIRAT ORY ACTIVITY AND 
CELL YIELD 
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The chemostat was operated at a dilution rate of 0,07 h-l 
(usually over a range of oxygen concentrations of Oto 5 µM) , 
which coincided with maximal yeast density in chemostat 
cultures of this particular organism. At higher dilution 
rates, effects of glucose repression became evident (Fiechter 
and Von Meyenburg, 1969), while at lower rates maintenance-
energy requirements became more significant (Leuenberger, 
1971). 
With 15 mM glucose in the input nutrient, the concentra-
tion of glucose in culture filtrates under these conditions 
was less than 25 µM. This residual glucose did not change 
significantly with variation of oxygen concentration in the 
culture over the range indicated. When steady state was 
established a sample of yeast was removed from 
the chemostat, resuspended in air-saturated buffer, and the 
respiration rate as a function of oxygen concentration was 
determined from the exhaustion curves (Figs. 1 and 2). 
Alternatively the rate at which the yeast consumed oxygen 
during steady-state conditions (actual respiration rate) was 
determined from assays on the gases entering and leaving the 
culture vessel. Two parameters were obtained from data of 
the type shown in Figs. 1 and 2: the maximum or potential 
respiration rat e , and the oxygen concentration required to 
give half the potential rate, which is referred to as the 
apparent Km for oxygen. When the steady-state oxygen 
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concentration in the chemostat was increased from 0.02 µM to 
2.4 µM, the potential respiration increased from about 50 to 
300 ng-atoms oxygen/min/mg yeast (Fig. 3). Concomitant with 
this change in potential respiration, the apparent K for m 
oxygen increased from about 3 µM to 18 µM, which paralleled 
almost exactly the increase in potential respiration. 
However, the actual respiration for each of these cultures, 
at the oxygen tension prevailing in the chemostat, was very 
much less than the potential respiration (Fig, 3). The plot 
of actual respiration is essentially the same shape as the 
plot of dry weight versus oxygen concentration which is sig-
moidal, and shows a half-maximal response at 0.9 µM oxygen. 
A double reciprocal plot of potential respiration versus 
oxygen concentration at steady state in llie chemostat gives 
an apparent Km of 0,1 µM (Fig. 4). The development of high 
potential rates of respiration is very sensitive to oxygen in 
the growth media, even though the respiration so developed 
cannot be function:ing at near the maximum at the oxygen ten-
sions maintained in the chemostat. 
Cyanide-insensitive respiration, which accounted for 
about one-half of the total respiration of anaerobic yeasts, 
declined as oxygen tension increased and accounted for only a 
small fraction of the potential respiration of aerobic yeast 
(Fig, 3). This cyanide-insensitive respiration was not 
inhibited by salicyl hydroxamic acid (cf. Lambowitz and 
Slayman, 1971). 
The oxygen concentration required for half-maximal 
response of growth yield (approximately 0.9 µM) was markedly 
different from the corresponding value for potential 
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respiration (0.12 µM), Hence, the high potential respiration 
rates developed at low oxygen concentration in the growth 
medium were not related to increased efficiency of convers i on 
of culture nutrients to yeast mass, This was also reflected 
in the ethanol content of culture filtrates (Table I). Under 
anaerobic conditions ethanol levels in the medium were high, 
and the yeast yield was low. The number of moles of ethanol 
produced per mole of glucose consumed (be) was 1.8, compare 
to the theoretical value of 2. In addition, oxygen consump-
tion could not be detected but carbon dioxide evolution was 
high, indicating growth by fermentation, and the respiratory 
quotient (Qo 2 /Qco 2 ) was consequently low. As the oxygen 
concentration was progressively increased to 2.5 µM the yeast 
yield rose to 88 g/mole of glucose and the ethanol content of 
the medium declined to less than l µmole/mg of yeast. When 
yeast was equilibrated at an oxygen concentration greater than 
2.5 µM (up to 150 µM) there was a slight increase in yeast 
yield to 104 g/mole glucose. 
Concomitant with an increase in the steady-state 
dissolved oxygen concentration were a decrease in CO2 
evolution and an increase in the oxygen consumption rate; the 
respiratory quotient increased from 0.3 at 0.7 µM-oxygen to 
~ 1.0 at 2,5 µM-oxygen and 1.1 at 150 µM-oxygen. There was no 
further increase in yeast yield or change in cellular respira-
tion or carbon dioxide evolution when th e dissolved-oxygen 
concentration was increased beyond this. 
... 
EFFECT OF OXYGEN TENSION ON FATTY ACID AND ERGOSTEROL 
CONTENT OF CELLS 
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When Saccharomyces is grown under anaerobic conditions 
without essential lipid supplements it becomes depleted of 
unsaturated fatty acids and sterol (Jollow, Kellerman and 
Linnane, 1968; Gordon and Stewart, 1971), When aerated, 
such cells progressively develop mitochondrial function, and 
at the same time the essential membrane lipids are synthesized 
(Gordon and Stewart, 1971; 1972). The amounts of these lip-
ids were measured in chemostat-grown yeast because they may 
be directly relevant to membrane and organelle biogenesis 
which are related to altered energy metabolism when oxygen 
tension is changed. 
In the most anaerobic condition, unsaturated fatty acids 
accounted for 18 per cent of the total fatty acids (Fig. 5). 
In yeast grown at 2.8 µM-oxygen, the proportion was 82 per 
cent, though the major increase occurred at 0.1 µM-oxygen, 
The total fatty acid content increased from 35 to 125 mg/g of 
yeast over this range of oxygen concentration, the increase 
being greatest up to 0.5 µM-oxygen. The sterol content also 
increased from near 1 to almost 7 mg/g dry wt, with the great-
est increa~e up to approximately 0.2 µM-oxygen, 
The levels of unsaturated fatty acids and sterols found 
in these chemostat-grown cells were thus very sensitive to 
oxygen. To obtain cells with the low unsaturated fatty acids 
and sterol content described it was particularly important 
to deoxygenate completely the nutrient by means of the cataly-
tic technique described in Methods. 
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CYTOCHROMES OF CELLS AND SUB-CELLULAR FRACTIONS 
Cell-free homogenates from yeast grown at 3.0 µM-oxygen 
showed a typical aerobic spectrum (dithionite-reduced minus 
ferricyanide-oxidized at 77°K) and contained cytochromes aa 
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b, c 1 and c (a-absorption maxima at 600, 559, 553 and 547 nm 
respectively; Fig, 6A). When the oxygen tension in which the 
cells were grown was decreased to 0.5 µM the position of the 
a-bands did not alter, but the amount of cytochrome c decreased 
in relation to b and c 1 (Fig, 6B), Identical difference 
spectra to those described for yeast homogenates were obtained 
when 25000 g particles prepared from these yeasts were reduced 
with succinate in the presence of cyanide and measured against 
particles oxidized with ferricyanide or persulphate. 
Yeasts grown at oxygen concentrations between 0.2 and 
0,5 µM had an even smaller proportion of cytochrome c (Fig. 
6C), When homogenates from this yeast were reduced with dithi-
onite there was no detectable shift in the position of the 
a-bands of cytochromes b, c1 or c, In the S-region, however, 
a band at 526 nm could be distinguished from the cytochrome b 
band present at 528 nm, and this probably represents the 
S-band of cytochrome b 1 (Lindenmayer and Estabrook, 1958). 
When 25000 g particles from this yeast were reduced with 
succinate plus cyanide, the spectrum was the same as that 
described for the homogenate, although the cytochrome c 
absorption band was relatively decreased, presumably due to 
loss of cytochrome c from the particles during preparation. 
Cytochrome c could also be detected in the particle fraction 
sedimenting between 25000 g and 100000 g. When the 25000 g 
particles from this yeast were reduced with dithionite the 
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553.5 nm and 559 nm peaks were shifted to 552.5 and 558 nm 
respectively,and, in the B-region, bands were visible at 526 
and 530 nm. When the 100000 g particles were reduced with 
dithionite, two bands in the a-region at 557 and 551.5 nm and 
two bands in the B-region at 526 and 531 nm were seen. 
were probably due to cytochrome b 1 (Lindenmayer and 
Estabrook, 1958). 
These 
Homogenates prepared from anaerobic cells contained bands 
in the a-region at 585, 557 and 552 nm, with 6 -bands at 531, 
528 and 526 nm (Fig. 6D). The 25000 g particle fraction 
prepared from this yeast showed two bands at 558.5 and 553 nm 
with a small shoulder at 547 nm. There were thus small but 
measurable amounts of the aerobic cytochromes in the 
pro-mitochondrial fraction of these cells. 
EFFECT OF OXYGEN TENSION ON THE FORMATION OF RESPIRATORY 
AND GLYOXYLATE-CYCLE ENZYMES 
The activities of succinate dehydrogenase, succinate-
cytochrome c reductase, fumarase and cytochrome c peroxidase 
in homogenates were half-maximally induced in yeast grown 
at 0.2 µM-oxygen or less (Fig. 7a). Their formation in the 
cell was thus closely related to the development of potential 
respiration (cf . Fig, 3). However, the increase in 
cytochrome c oxidase activity was less sensitive to oxygen, 
and this may have reflected the assembly sequence during 
development of the mitochondrial membrane. 
The formation of peroxisomal enzymes responded differently 
to changes in concentration of environmental oxygen. All 
sho wed a sigmoidal response to oxygen concentration in the 
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medium, and were half-maximally induced by 1.0 to 1.2 µM-
oxygen (Fig, 7b), Thus there was a marked differential res-
ponse of mitochondrial and peroxisomal enzymes to oxygen. 
Moreover, the formation of the peroxisomal enzymes was nearly 
coincident with the increase in yeast yield in the cultures 
which occurred in response to increased oxygen concentration 
(Fig. 3). 
GROWTH ON ETHANOL AS CARBON SOURCE 
The activities of the glyoxylate-cycle enzymes indicated 
that the peroxisomal system would reach maximal activity at 
oxygen concentrations in the medium of 1.3 to 1,5 µM . To 
test whether this system was functional in providing an 
effective glyoxylate shunt, yeast was grown with ethanol as 
the carbon source over a range of low oxygen tension (Fig. 8). 
Maximum yeast yield in the chemostat was achieved at 1.5 µM-
oxygen; below this value the yeast density was reduced. At 
the same time, the potential respiration decreased from a 
maximum of approximately 500 ng-atom oxygen/min/mg cells to 
160 at 0.35 µM-oxygen. Wash-out of the cells occurred at 
oxygen concentrations below 0.35 µM. 
The activities of mitochondrial and peroxisomal enzymes 
measured in homogenates from either ethanol- or glucose-limited 
cells maintained at the same oxygen concentration (2.4 µM) 
are shown in Table 2. Of the mitochondrial enzymes, the 
activities of cytochrome oxidase and cytochrome c peroxidase 
were not significantly different in yeasts from 
either medium. Fumarase, a mitochondrial-matrix 
enzyme, and succinate-cytochrome c reductase and 
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succinate dehydrogenase activities were considerably higher in 
the ethanol-grown yeast, suggesting that some repression 
existed even at the low concentrations of glucose in the 
chemostat. The activities of the peroxisomal enzymes, iso-
citrate lyase and glycolate oxidase were also markedly lower 
in the glucose-limited cells; however, the activities of 
catalase and malate synthase were almost identical in homogen~ 
ates of the yeast from both media. 
The effect of decreasing oxygen tension on the activities 
of the mitochondrial and peroxisomal enzymes in yeasts grown 
on ethanol is shown in Fig. 9. Again, of the mitochondrial 
enzymes measured, succinate-cytochrome a reductase, succinate 
dehydrogenase and fumarase were the most significantly 
decreased. Likewise, of the peroxisomal enzymes measured, 
malate synthase was least affected, reflecting the situation 
seen when glucose was substituted for ethanol as carbon 
source (Table 2). Significantly, however, the separate dev-
elopment of these two organelles seen in glucose-limited 
cultures was no longer evident. At oxygen concentrations 
below l µM, the activities of all enzymes began to decline . 
This may have reflected a critical concentration of oxygen 
that was necessary to drive mitochondrial oxidative 
phosphorylation in vivo. The declining activities of the 
enzymes may thus reflect effects on protein synthesis as eel-
lular energy pools begin to deplete. It is notable that the 
oxy gen concentration required to support growth of this yeast 
o n non-f e rmentable substrate is similar to that required for 
the obligc1tcly acrobi· yeast Candida utilis (Johnson, 1967). 
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DISCUSSION 
The transition from a non-respiratory mode in continuous 
cultures of Saccharomyces cerevisiae, limited for glucose, 
occurred over a very low and narrow range of oxygen concentra-
tion. 
The transition to oxidative metabolism has been charac-
terized on the basis of the yeast yield, actual oxygen con-
sumption of the steady-state culture, the QCO (specific 
2 
cellular carbon dioxide release), the respiratory quotient 
R.Q. (Q 0 /QCO) and the appearance of ethanol in the culture 2 2 
medium (Table 1), During anaerobic growth be (moles ethanol 
produced per mole of glucose) was 1.8, which was close to the 
predicted value of 2, and the R,Q, was low. As the dissolved 
oxygen concentration was increased be declined, the yeast 
yield increased, and the R.Q, approached the value expected 
for complete oxidation of glucose. 
Cultures grown at oxygen concentrations greater than 2 µM 
were characterized by very low be values, high yeast yield, 
and an R.Q. of 1.0, suggesting that the growth of these yeasts 
was supported by oxidative metabolism. 
At low, steady-state concentrations of oxygen the 
respiration developed was for the most part not used. Thus, 
the actual respiratory capacity of yeast in the chemostat 
vessel was vecymuch lower than the potential respiration 
{measured in the presence of saturating amounts of oxygen); 
even at the highest concentrations of oxygen employed, actual 
respiratory rates were about one-quarter of potential respira-
tion rat~s. This was a consequence of the fact that the 
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concentration of oxygen (apparent Km 0.2 to 0,5 µM) required 
to induce the development of the respiratory apparatus of the 
yeast was much lower than the concentration required to 
saturate cellular respiration (apparent K 3 to 18 µM). 
m 
Yeast respiration expressed as a function of oxygen con-
centration ~alculated from exhaustion curves) reflects either 
the binding of oxygen to oxidases in the organism (Winzler, 
1941) or the diffusion rate of the gas through cell substance 
(Johnson, 1967), or a combination of both processes. The 
curves shown in Fig. 2 are not 'saturation' curves since they 
do not yield straight lines when plotted in double-reciprocal 
form. At low oxygen concentrations, in which respiration 
increased linearly with increased oxygen concentration, the 
organism's respiration was apparently a diffusion-limited 
process (Johnson, 1967). In the regions in which respiration 
rate was independent of oxygen concentration (i.e. at the 
potential respiration rate), the concentration of components 
of the respiratory chain in the yeast was presumably the 
rate-limiting factor, and this is consistent with the 
observation that the formation of enzymes of the electron 
transport system responded to environmental oxygen tension 
in essentially the same way as did the development of poten-
tial respiration (compare Fig. 3 and Fig. 7a). The actual 
respiration rate, being much lower, was apparently a diffusion-
limited process, controlled mainly by the concentration of 
oxygen in the culture medium. 
It should also be noted that the apparent Km for oxygen-
supporting respiration, derived from these data (see Figs. 2 
and 3), probably does not reflect changes in the saturation 
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properties of any enzyme or oxygen-carrier systems of the 
yeast, but is simply an arithmetical consequence of oxygen 
transport through the yeast being diffusion-limited up to a 
maximum velocity controlled by the total amount of the oxidase-
system in the yeast, This is why the potential respiration, 
and its apparent Km for oxygen, show an identical relationship 
to environmental oxygen concentration (Fig. 3). 
Harrison and Loveless (1971) have indicated that, under 
conditions in which growth is energy-limited, the respiration 
rate (Q0 ) is related to the respiratory efficiency of the 2 
cell (N) thus: 
Qo = _JJ_ + ~. 
2 yATP N' 
YATP or ).1 NQ - M 
02 
where Q0 has the units moleoxygen/g organism/h, JJ = specific 2 
growth rate (h-1) or dilution rate at steady state in the 
ATP 
chemostat, Y = cell yield coefficient for ATP (g organism/ 
mole ATP; Bauchop and Elsden, 1960), N = moleATP produced/mole 
oxygen taken up,and M = maintenance energy (moleATP/g organism/ 
h) which is the amount of energy required to maintain cells in 
a viable state in the absence of growth (Harrison and Loveless, 
1971; Leuenberger, 1971). 
Determination of yeast yield per mole of glucose in a 
series of experiments carried out at low growth rates under 
aerobic conditions gave values for M of 1.6 x 10-3 moleATP/g 
yeast/h. Thus in aerobic yeast (grown in 2.6 µM- or 150 JJM-
oxygen), YATP values calculated from actual respiration rates 
are 10.4 to 9 • 3 g ye as t /mole ATP . An independent calculation 
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of YATP is possible using yeast yield per moleof glucose. 
Assuming that under anaerobic conditions 2 mo£ of ATP are 
formed per mole of glucose fermented, then YATP equals 8.5. 
Under aerobic conditions, however, and assuming 28 mde ATP/mole 
ATP glucose oxidized, Y equals 3,7, In these calculations the 
values used for Y (g yeast/moleglucose) are underestimations 
since no correction has been applied for glucose utilized for 
maintenance energy, The true yeast yield, Y' may be obtained 
from the equation (Pirt, 1965) 
I 
y 
M + I 
µ Y' 
where Y is the observed yeast yield,µ is the growth rate 
(h- 1 ) and Mis the maintenance energy (mole glucose/g yeast/h); 
Y' may be evaluated by plotting µ/Y versus µ. For cells grown 
ATP 
at 150 µM-oxygen, Y' is 136 g yeast/mole glucose and hence Y 
is 4.9 g yeast/moleATP. For anaerobic cultures, Y' is 21.0 
and YATP is calculated to be 10.5. 
The development of potential respiration is correlated 
with the appearance in the yeast of the particulate respiratory 
complexes of the mitochondria, and lipid and cytochrome compo-
nents of mtiochondrial membrane. The formation of succinate 
dehydrogenase and succinate-cytochrome c reductase is parti-
cularly sensitive to oxygen in the medium, and showed a similar 
half-maximal response (0.25 µM-oxygen) to that calculated for 
the development of the potential respira t ion. The activity of 
cytochrome oxidase, while at first increasing rapidly as the 
oxygen tension was raised, was subsequently less responsive 
to oxygen than succinate dehydrogenase and succinate-
cytochrome c reductase, and continued to increase as oxygen 
concentration was raised to 3.5 µM. As a reflexion of this 
51 
differential synthesis of enzymes, the amount of the particulate 
cytochromes band c 1 which are present in the succinate-
cytochrome c reductase complex was found to be high compared 
with cytochromes aa 3 and cat the more anaerobic conditions 
tested. Cytochrome c synthesis apparently has the lowest 
developmental priority of the aerobic cytochromes, being least 
sensitive in response to increased oxygen tension in the cul-
ture medium. This suggests a first priority in mitochondrial 
membrane development for the tightly bound cytochromes. 
The apparent K for unsaturated fatty acid and sterol 
m 
synthesis is 0.3 µM-oxygen or less, and is similar to that for 
potential respiration. The membrane-bound cytochromes together 
with unsaturated fatty acids and ergosterol may thus be 
assembled into functional membrane at low oxygen tension, 
followed by attachment of the mobile electron carriers 
ubiquinone and cytochrome c as the oxygen tension rises 
(Rogers and Stewart, 1972). 
Enzymes associated with the glyoxylate cycle were syn-
thesized at substantially higher oxygen concentrations than 
that of the mitochondrial enzymes. Most significantly, this 
corresponds with the point at which ethanol concentration 
in the medium began to decline rapidly, and yeast yield 
began to rise. That the increase in yeast yield was related 
to the development of a functional glyoxylate cycle is shown 
by the fact that when cells were grown on ethanol, maximum 
yeast yield occurred at 1 to 1.5 µM-oxygen, indicating that 
this was the point at which the anaplerotic function of the 
glyoxylate cycle was fully developed. The development of 
peroxisomal function is thus a key event in allowing yeast 
to exploit more aerobic conditions in its e nvironment. 
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TABLE 1. Yeast yield and respiratory and fermentative parameters for 
Saccharomyces cerevisiae grown at different dissolved-oxygen concentrations 
Potential * 
Yield respiration Qo Qco R.Q. 
(mg dry wt/ (ng-atom 0/ 2 2 
concentrations Dry wt mmole min/mg (ml o 7/g (ml C02/g (Qo /Qco) (µM) (mg/ml) glucose) dry wt) dry wt h) dry wt/h) 2 2 
Anaero b ic 0.84 17 50 - 106 -
0.75 M 2. 2 44 240 14 (21) 52 0. 27 
1. 0 M 3 . 1 62 280 34 ( 5 2) 45 0.75 
2. 1 M 4.4 88 300 40 (60) 39 0.98 
150 M 5 . 2 104 298 44 (65) 37 1.15 
b t 
e 
1. 8 
1. 3 
0.58 
0.07 
0.05 
* The figures in parentheses refer to the respiration expressed as ng-atoms oxygen/min/mg dry wt. 
i" No. of mol of ethanol formed/mole of glucose consumed. 
Cells were grown in~ glucose-limited chemostat at a dilution rate of 0.07 h- 1 ; the input nutrient 
c ontained 50 mM-glucose. The concentration of glucose at steady state was l es s than 25 µM. 
Cell 
type 
Glucose-
limited 
Ethanol-
grown 
Cyto-
chrome 
a 
oxidase 
0.25 
0.23 
TABLE 2. Activity of mitochondrial and peroxisomal enzymes 
in cells grown in 2.5 µM-oxygen on glucose or ethanol 
Succinate-
cyto-
chrome 
a 
reductase 
0.023 
0.045 
Cytochrome 
a 
peroxidase 
0,35 
0.32 
Enzyme activity 
(~mole/~in/mg protein) 
Fumarase 
0.27 
0.62 
Succinate 
dehydro-
genase Catalase 
0.22 30 
0,35 35 
Isocitrate 
lyase 
0.01 
0.045 
Malate Glycolate 
synthase oxidase 
0,036 1.0 
0.04 3.5 
Cells were grown in chemostats limited for glucose (50 mM in input, 25 µMin culture), or limited 
for oxygen on ethanol (490 mM in input), with the oxygen concentration controlled at 2.5 µM, When 
steady state had been obtained samples were removed, homogenates were prepared by using the Braun 
homogenizer, and enzyme activities were determined. 
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Fig, 1. Oxygen-exhaustion curve recorded when cells were 
resuspended in air-saturated buffer containing glucose. 
I, potential respiration rate is constant and is independent of 
oxygen concentration, II, actual respiration rates measured in 
this region are dependent on oxygen concentration. 
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- 300 s---s ~ 18 .L 
O> a/ Q.) 
~ lo >-
... 
-0 
O> 
a/ E - E c: 200 ~ 12 2 -:a.. CJ) E 
-
E 
J 
E 
0 ~ >-
"' /-- • E "' C: C: 0 Cl Cl 
-
... 
"'"O 
0 0 
I I 
ci. 
m l 00 ci. 6 Cl 
C: 0 
u 
C: 
0 
- /. ~~ A 0 
... _ ....... //' ci. 
"' p Q.) 
... e:. 
/ 
•--
2 3 
oxygen concentration (pM) 
Fig. 3. Cell yield ( •), potential respiration rate ( O), 
the cyanide-insensitive portion of the potential respira-
tion ( • ) , act u a 1 r esp i ration ( ~ ) , and a pp a r en t Km for 
oxygen ( D), of cells maintained in continuous culture at 
oxygen concentrations up to 2 .6 µ M-oxygen , 
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Fig. 4. Double-reciprocal plot of potential respiration 
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the cells were cultured. 
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Fig, 6. Reduced versus oxidized difference spectra (at 
77°K) of homogenates from cells grown in continuous culture 
at oxygen concentratins of 3.0 µM (A), 0.5 µM (B), 0.2 µM 
(C) and less than 0,05 µM oxygen. 
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Fig. 7, Activities of (a) mitochondrial and (b) 
peroxisomal enzymes in homogenates of cells grown at 
different oxygen concentrations. (a) Cytochrome c 
peroxidase ( h.); fumarase ( •); cytochrome oxidase 
( D); succinate-cytochrome c reductase ( .& ) ; 
succinate dehydrogenase ( O). (b) Glycolate oxidase 
( •); malate synthase ( .& ) ; catalas e ( O); isocitrate 
lyase ( e), The specific activities of these enzymes in 
homogenates of cells grown i n 2.4 µ M-oxygen are given 
in Table 2. 
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Fig, 8. Cell yield ( 0) and potential respiration ( •) 
of Saccharomyces cerev i s i a e grown at different oxygen 
concentrations in continuous culture with ethanol as the 
carbon source. 
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Fig, 9, The activity of some mitochondrial (a) and 
peroxisomal (b) enzymes in homogenates from cells grown 
in continuous culture at different oxygen concentrations 
with ethanol as carbon source. (a) Fumarase ( D); 
cytochrome oxidase ( •); succinate dehydr ogenase ( •); 
succinate-cytochrome a reductase ( O); cytochrome a 
peroxidase ( 6). (b) Glycolate oxidase ( •); catalase 
( O); malate synthase ( D); isocitrate lyase ( •). 
The specific activities of these enzymes in homogenates 
of cells grown in 2.4 µM-oxygen are recorded in Table 2. 
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2.3.1 Introduction 
In Section 2.2 it was shown that the transition from 
fermentative to oxidative metabolism in glucose-limited 
cultures of Saccharomyces cerevisiae as oxygen concentration 
is increased, is accompanied by the development of a function-
al glyoxylate cycle. The synthesis of catalase and the en-
zymes of the glyoxylate shunt occurs at a higher dissolved 
oxygen concentration than that of the mitochondrial respira-
tory complexes. There is evidence to suggest that glyoxylate 
and peroxisomal enzymes may be localized in discrete, single 
membraned microbodies in yeast (for review, Avers, 1971; 
Tolbert, 1971). Whether the transition from anaerobic to oxi-
dative growth and the subsequent development of a functional 
glyoxylate cycle can be related to the appearance of specific 
microbodies has been studied by electronmicroscopy of fixed 
and cytochemically reacted sections. Peroxidatic activity 
has been localized with the cytochemical reagent 
3,3 1 -diaminobenzidine (DAB; Graham and Karnovsky, 1968) and 
the morphology of micro-aerobic yeast that lack a functional 
glyoxylate shunt, has been compared with cells from aerobic 
cultures. 
2.3.2 Results 
A two-step fixation procedure has been used to preserve 
fine structure and enzyme activity in Saccharomyces 
cerevisiae. The primary fixation preserves enzyme activity 
and after cytochemical incubation a secondary fixation is used 
to stabilize structures and provide increased electron 
5 6 
contrast (Appendix A). Peroxidatic activity was localized 
with the cytochemical reagent DAB using the method of Novikoff 
and Goldfisher (1969) including the modification of Todd and 
Vigil (1972). The procedure gives a dark reaction product 
(oxidized DAB) in the cell section at the site of enzyme 
activity. The specificity of the deposition reaction can be 
established by suitable control experiments, such as the 
omission of DAB or hydrogen peroxide and the addition of 
potassium cyanide (to inhibit haem-containing enzymes) or 
aminotriazole to the reaction mixture. Todd and Vigil (1972) 
showed that both cytochrome c peroxidase and catalase react 
with the DAR reagent. Aminotriazole has been used to 
specifically inhibit catalase in plant and animal systems 
(for review, Tolbert, 1971) and the following experiments 
show this to apply also in yeast. 
2.3.3 Inhibition of catalase activity by aminotriazole 
Aerobic cells were prefixed as for electron microscopy, 
and after washing were incubated for 20 min in aminotriazole 
as descrihed in Appendix A.3. The catalase activity in cell-
free homogenates prepared from these cells was assayed in 
the presence of 0.02 M aminotriazole. Another homogenate 
was prepared and assayed in the absence of inhibitor as a 
control. Enzyme activity in the assay system was inhibited 
hy 95 per cent at this concentration of inhibitor. 
2.3.4 Cytochemistry of Saccharomyces cerevisiae 
Fig. 2.la is a typical micrograph of cells from aerobic 
(100 µ~1 oxygen), glucose-limited cultures (growth rate 0.06 
h- 1) after fixation and incuhation with DAB and hydrogen 
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peroxide, The reaction product is localized in the mitochon-
drial cristae as well as in larger regions near the centre. 
These large bodies were present in both aerobic and micro-
aerobic cells and persisted when staining was performed in 
the presence of aminotriazole or potassium cyanide, or in the 
absence of hydrogen peroxide or DAB (Fig. 2.4b), It is likely 
that these bodies are vacuoles which are stained in a 
non-enzymatic reaction with osmium tetroxide. The principle 
site of DAB reaction product is thus the mitochondrial 
cristae. Since reaction product was present even in cells 
treated with the inhibitor, aminotriazole (Fig 1.2b), but 
was absent in cells pretreated with potassium cyanide, or 
when hydrogen peroxide or DAB were omitted from the reaction 
mixture, it is likely that the enzyme responsible for deposi-
tion of reaction product is cytochrome c peroxidase. In none 
of the cell sections examined were any extra-mitochondrial 
sites of peroxidatic activity ever observed. 
When cytochemically-treated sections were post-stained 
with lead and uranyl acetate, membranes were clearly evident 
(Fig. 2.2a,b) but the post-staining usually either masked or 
destroyed the DAB reaction product. On a few occasions 
mitochondrial reaction product could be detected within the 
intracristae space and continuous with the inter-membrane 
space (Fig. 2.2a). No microbodies could be unequivocally 
identified. The reason for the appearance of membranes in 
negative contrast is not apparent, but may be caused by the 
incomplete penetration of osmium tetroxide into the cells. 
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When Saccharomyces cerevi8iae was grown at a dissolved 
oxygen concentration of 0.1 µM, mitochondrial respiratory 
enzymes were present but the activities of catalase, malate 
synthase, isocitrate lyase and glycolate oxidase were very 
low (Section 2.2), Cytochrome c peroxidase was only slightly 
decreased compared to the activity in aerobic cells, 
A typical micro-aerobic cell incubated in standard 
DAB plus hydrogen peroxide medium is shown in Fig. 2.3a. The 
location of cytochemical staining is the same as that in 
aerobically grown cells, and the formation of reaction 
product was insensitive to aminotriazole (Fig. 2.3b). 
Mitochondria with well defined cristae were visible after 
post-staining the histochemically treated cells with uranyl 
acetate (Fig. 2.4a), In the absence of peroxide or DAB 
and in the presence of potassium cyanide no reaction product 
could be seen apart from the vacuoles containing 
electron-dense material as described previously (Fig. 2.4b). 
Similar investigations of cells grown aerobically on 
ethanol have failed to provide an unambiguous identification 
of peroxidatic microbodies in Saccharomyces cerevisiae. 
2.3.5 Remarks 
Well-defined mitochondria are therefore present in 
cells from micro-aerobic and aerobic cultures of Saccharomyces 
cerevisiae. The presence of peroxidatic microbodies was not 
obvious in either cell type. This result may reflect the 
inadequacy of the cytochemical methods that have been used; 
on the other hand, the method described by Hoffman et ai. 
(1970) for fixation and cytochemical identification of 
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pero~isomes in yeast gave unsatisfactory results. These 
workers concluded that all of the cellular catalase was 
restricted to microbodies and that the DAB reaction product 
was deposited regularly over most of this organelle, Todd 
and Vigil (1972) studied yeast cells grown to early stationary 
phase and found no evidence of non-mitochondrial sites of 
peroxidatic activity in glucose or galactose-grown cells. 
When grown on a non-fermentable substrate such as glycerol they 
found a small population of peroxidatic, non-mitochondrial 
structures with granular matrices and a discrete outline. 
They did not report the frequency of occurrence of these 
microbodies in the cells examined and control experiments to 
test the sensitivity of the microbody reaction product to 
aminotriazole were not performed. 
Since the glyoxylate shunt is a central metabolic path-
way in cells growing on 2-carbon energy sources, and in 
de-repressed Saccharom y ces, it seems unlikely that this group 
of enzymes would be found solely in such rare organelles. 
Studies on the sub-cellular distribution of the glyoxylate 
cycle enzymes highlight the uncertainty surrounding their 
cellular location (Duntze et aL, 1969; Szabo and Avers, 
1969; Perlman and Mahler, 1970), The uncertain status of 
peroxisomes in yeast shall probably be resolved by improved 
cytochemical techniques for the identification of the glyoxy-
late cycle enzymes and by further studies on subcellular, 
enzyme distributions. 
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a 
b 
Fig, 2.1 Localization of DAB reaction product in cells fro m 
glucose-limited, aerobic cultures incubated m the absence 
(a) and presence (b) of aminotriazole, Magnification: 
(a) x36,000, (b) x30,000, 
a 
Fig. 2.2 Aerobic, glucose-limited cells incubated with DAB 
and post-stained with lead and uranyl acetate. Mitochondria 
(m), nucleus (n), vacuoles (v), Magnification: (a) x78,000, (b) x35,000. 
a 
Fig. 2.3 Cells from micro-aerobic, glucose-limited cultures 
incubated with DAB in the absence (a) and presence (b) of 
aminotriazole, Mangification: (a) x30,000; (b) x38,000. 
a 
Fig, 2.4 Cells from micro-aerobic, glucose-limited cultures 
(a) incubated with DAB and post-stained with lead and uranyl 
acetate; magnification x33,000; (b) micrograph typical of 
both micro-aerobic and aerobic cells after (i) incubation with 
DAB in the presence of cyanide, or in the absence of H202 or 
(ii) in the absence of DAB; magnification x30,000. 
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SUMMARY 
Saooharomyoes oerevisiae and Candida parapsilosis were 
grown aerobically and micro-aerobically in continuous culture 
and the energetic efficiency (YATP) and the maintenance energy 
requirements compared. The bioenergetic parameters were 
determined using a gas-balance technique, and from cell yield 
decrements at low dilution rates. The data show that for 
aerobic cultures, cell yield related to ATP generation (YATP) 
for the two yeasts is similar and close to the value reported 
originally by Bauchop and Elsden (1960). However, the effici-
ency of substrate utilization is greater in the case of 
C. parapsilosis since the apparent P/0 value under aerobic 
conditions is 1.8 as compared to about l for S. oerevisiae. 
The maintenance energy coefficients based on ATP requirement 
for aerobic cultures of both yeasts were greater than the cor-
responding values for micro-aerobic cultures; similarly cul-
tures of a petite mutant of S. oerevisiae had a lower mainten-
ance energy requirement than comparable aerobic wild-type 
cultures. It is suggested that these differences may reflect 
the energy requirement for the upkeep of a greater degree of 
functional complexity in aerobic, wild-type cells, as 
compared with micro-aerobic or respiratory deficient cells. 
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INTRODUCTION 
While a great deal is known of the biochemical mechanisms 
which produce ATP in the living cell, and of the processes 
which utilize this ATP for biosynthetic and associated activi-
ties of the cell, the efficiency of coupling of these processes, 
by means of which external nutrients are converted to new cell 
mass, remain relatively unknown. 
The quantitative relationship between growth and meta-
bolism has received increasing attention in recent years; a 
review and summary of much of this work is given by Forrest and 
Walker (1971). A critical parameter in studies of this sort is 
the extent to which respiration and phosphorylation are 
coupled; in yeasts this is given by P/0 values of mitochondrial 
oxidative phosphorylation in situ. Early metabolic studies 
(Lynen and Koenigsberger, 1951; Chance, 1959) with intact 
yeast cells indicated that net phosphorylation was low. A 
recent . study, using an approach based on the gas exchange of 
steady-state populations of Saccharomyces cerevisiae, appears to 
confirm these findings (von Meyenburg, 1969). 
The use of energy-limited chemostats in which substrate 
and gas balances can be readily determined appears to offer 
the most effective means for a study of energetic efficiencies 
of growing cells. A further advantage is offered, moreover, 
in that variation of the dilution rate, and hence of the growth 
rate of the culture, provides a means to measure another 
important bioenergetic parameter, the cellular maintenance 
energy requirement, 
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In this communication we report the results of a study 
of the comparative respiratory efficiency of two yeasts, 
Saaaharomyaes aerevisiae and Candida parapsilosis, grown under 
fermentative (micro-aerobic) and oxidative (aerobic) conditions. 
These organisms are of interest in this respect because there 
have been a number of reports that mitochondria isolated from 
Saaaharomyaes sp. and Candida sp. are different in terms of 
respiratory efficiency: Candida mitochondria metabolizing 
NADH-coupled substrates yield P/0 values approaching 3, while 
mitochondria from Saccharomyces give P/0 values of 2, apparent-
ly because site I phosphorylation is absent in the latter case 
(Vitols and Linnane, 1961; Balcavage and Mattoon, 1968; 
S ch a t z and Ra ck e r , l 9 6 6 ; Kovac e t a Z., l 9 6 8 ; 0 h n i sh i e t a l., 
1966; but cf. Ghosh and Bhattacharyya, 1971; Mackler and 
Haynes, 1973). 
We also report values for the maintenance energy of 
these two organisms, grown under aerobic and micro-aerobic 
conditions, Maintenance energy, on an ATP basis, is lower in 
anaerobic conditions for both organisms. Furthermore, a petite 
mutant of the wild-type S. cerevisiae when grown aerobically 
or anaerobically, gave similar maintenance energy values as 
the wild-type grown anaerobically. Taken together, these 
results suggest that there may be significant differences in 
the maintenance energy requirement of cells which are in dif-
ferent states of respiratory development; that is, of 
intracellular differentiation. To this extent, these yeasts 
offer an interesting comparison with the amino acid 
auxotrophs of Bacillus subtilis studied by Zamenhof and 
Eichhorn (i967), in which genetic deletion of enzymes, or 
repression of enzyme synthesis, results in a competitive 
advantage to mutant or repressed cells in mixed cultures 
limited by energy availability. 
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METHODS 
ORGANISMS AND CULTURE CONDITIONS 
The strains of Saccharom yces cerevisiae and Candi da 
parapsiZosis used have been described previously (Yu, Poulson 
and Stewart, 1972; Rogers and Stewart, 1973~). The cultures 
were grown at 30° and pH 5.5 in Microferm (New Brunswick, 
U.S.A.) and CeCa (Gallenkamp, U.K.) continuous culture appa~a-
tus, fitted with dissolved oxygen and pH controls. The semi 
synthetic nutrient contained (g/1): glucose (5-10); 
(NH 4 ) 2 so 4 , 3.0; KH 2Po 4 , 2.0; Mgso 4 .7H 2o, 2.0; FeS0 4 .7H 20, 
0.005; Cac1 2 .2H 2o, 0.1; NaCl, 0.5; yeast extract (Difeo), 
5.0. The oxygen concentration was monitored with an autoclav-
able version of the Mackereth-type oxygen electrode, construc-
t ed as described by Borkowski and Johnson (1967). The 
e lectrode was calibrated with 5 per cent and 1 per cent air 
in nitrogen gas mixtures (Commonwealth Industrial Gases, 
Sydney, Australia), and in lower partial pressures of oxygen 
by dilution of these standards with nitrogen using calibrated 
flow meters (Roger Gilmont Instruments, U.S.A.). 
The term potential respiration refers to the rate of 
oxygen consumption by isolated cell suspensions in excess 
oxygen and 20 mM glucose as described previously (Rogers and 
Stewart, 1973~). The actual respiration rate (Q 0 ), which i s 2 
the rate of oxygen consumption under the steady state cond i -
tions prevailing in the chemostat, was measured by gas balance 
calculations based on the oxygen concentration ·in the input 
and exit gases as described previously (Rogers and Stewart, 
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1973l), QCO , the specific rate of carbon dioxide evolution, 
2 
was also measured by monitoring the carbon dioxide concentra-
tion in the exit gas (Rogers and Stewart, 1973l), 
Dry weights were determined by filtration of aliquots 
of the culture onto preweighed glass fibre discs, washing and 
drying overnight at 105°. 
Glucose and ethanol concentrations in the cell-free 
filtrates were determined using the Glucostat reagent 
(Worthington, U.S.A.) and ethanol assay kits supplied by 
Sigma (U.S.A.) or Boehringer (Mannheim, W. Germany). 
Methods of analysis for succinate dehydrogenase, 
succinate-cytochrome c reductase and cytochrome c oxidase in 
cell-free homogenates have been described previously (Rogers 
and Stewart, 1973l), 
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RESULTS 
RESPIRATORY DEVELOPMENT IN SAC CHAROMYCES CEREVISIA E 
Respiratory development in S. ce r evi s iae is regulated b y 
the dissolved oxygen concentration in the medium. Under 
micro-aerobic conditions in glucose-limited cultures, potential 
respiration, which is a measure of the cellular respiration 
rate under saturating conditions of oxygen, is low and thi s 
reflects the lowered cellular levels of respiratory enzyme 
complexes such as cytochrome c oxidase, succinate-cytochrome c 
reductase and succinate dehydrogenase (Table 1). Variation 
of oxygen tension between these limits thus provides culture 
conditions in which there are substantial differences in the 
functional differentiation of the cells. 
A petite cell, derived from the wild-type strain by 
euflavine treatment, was also included in the study (Table 1), 
since the petite is essentially devoid of respiratory a c tiv i t y 
and thus is dependent on fermentation whether grown aerobi c all y 
or anaerobically. Values for cell yield, respiration and t he 
activity of respiratory enzyme complexes were generally sim i lar 
to those found in anaerobic wild-type cultures. 
I . Wild-type cultures grown at 25 µM oxygen (aerobic cultures) 
In Figure 1, physiological data obtained from 
glucose-limited cultures of S. cerevi s iae wild-type have been 
plotted as a function of dilution rate. At dilution rates 
below 0.25 h-l the growth was essentially oxidative; above 
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this, be increased rapidly corresponding to a sharp increase in 
respiratory quotient, and cell yield declined more rapidly, 
indicating that oxidative metabolism was being replaced by 
fermentation. At higher dilution rates . fermentative metabolism 
applied almost exclusively. These changes are a consequence of 
glucose repression of respiration at high dilution rate; 
similar results have been reported for glucose-limited growth 
of S. oerevisiae by Fiechter and von Meyenburg (1969), and by 
Leuenberger (1972). 
(a) Determination of YATP 
YATP (g cells formed per mole ATP) may be calculated 
either (i) on the basis of Q and QCO measurements (von 0 2 2 
Meyenburg, 1969) or (ii) from the growth yield data (YG) 
obtained at different dilution rates (Pirt, 1965; Leuenberger, 
1971). 
(i) von Meyenburg (1969) has shown that Y may 
ATP 
be expressed as the ratio between cell dry weight formed and 
the amount of energy generated: 
= 
µ 
(1) 
where Q (moles ATP per g dry weight per h) is the specific ATP 
generation of biologically useful energy at specific growth 
rateµ, QATP is the energy necessary for cell maintenance 
m 
(moles ATP per g dry weight per h), and YATP is cell yield as 
a function of ATP production (g dry weight per mole ATP). For 
aerobic glucose catabolism in Saooharomyoes oerevisiae von 
Meyenburg (1969) assumed that there are two main routes of 
ene rgy formation: (a) via the Embden-Meyerhof pathway 
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(glycolysis) by substrate level phosphorylation for which the 
efficiency is expressed by the P/co 2 (P/C 3 ) ratio; (b) via the 
TCA cycle and oxidative phosphorylation, the efficiency of 
which is expressed by the P/0 ratio. An additional term to 
include the energy (GTP) from substrate-level phosphorylation 
in the TCA-cycle has been added ~o von Meyenburg's original 
equation. The equation for QATP calculation now consists of 
the following five terms: 
QATP = 
P 1 P 1 p p p 
QO •o + 3 QCO ox.~+ 3 QCO ox.CO'+ QCO ferm.~ + 8.8C3·~·µ 
2 2 2 2 2 2 2 3 
(i) (ii) (iii) (iv) (v) 
(2) 
The five terms represent: 
(i) ATP formation by oxidative phosphorylation. 
(ii) ATP formation via glycolysis (Embden-Meyerhof pathway) 
of the amount of glucose which is completely oxidized 
afterwards through the TCA-cycle. 
(iii) ATP formation from GTP generated in the TCA cycle. 
(iv) ATP formation via glycolysis of the amount of glucose 
fermented to ethanol and carbon dioxide. 
(v) ATP formation via glycolysis of the portion of glucose 
of which the carbon appears in the newly-formed dry 
matter (48 per cent carbon in dry matter). Two-thirds 
of the cell carbon is assumed to be derived from 
glycolytic pyruvate (von Meyenburg, 1969). 
Q O ox: 
C 2 
ferm: 
P/0: 
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oxidative carbon dioxide formation= Q 0 • 
2 
carbon dioxide formation by aerobic fermentation 
efficiency of oxidative phosphorylation (moles 
ATP per\ mole oxygen), 
efficiency of substrate level phosphorylation in 
glycolysis (1.0 mole ATP per mole carbon dioxide 
or pyruvate (c 3 ) formed). 
efficiency of substrate level phosphorylation in 
the TCA-cycle (1.0 mole GTP/ATP per mole of 
carbon dioxide or succinate formed). 
Provided the value for P/0 is known, QATP may be calcu-
lated for each dilution rate by substituting the experimentally 
determined values of Q0 and QCO into equation (2). Von 2 2 
Meyenb urg (1969) has argued that in energy-limited chemostat 
cultures, a linear relationsh ip between the rate of growth and 
rate of energy formation should exist (i.e. constancy of YATP). 
Consequently a plot of QATP versus dilution rate should be 
linear and YATP estimated for each dilution rate (equation (1)) 
should be independent of dilution rate, provided the correct 
value of P/0 is incorporated into the equation. QATP and YATP 
were consequently determined for a number of P/0 values (Fig. 2) 
using equations (1) and (2). As von Meyenburg (1969) has 
reported , a P/0 ratio of approximately 1 gives a straight line 
plot of QATP versus dilution rate (Fig. 2), and YATP was 
essentially independent of dilution rate. A value for YATP 
of 11.3 was determined. 
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(ii) Using the equation of Pirt (1965) it is pos-
sible to divide the total rate of substrate utilization into 
that required for cellular maintenance and that for cell 
growth: 
1 mG 1 
= + (3) y 
xis µx YG 
where y 
xis = dxl-ds, the total or observed growth yield (g 
cells per mole glucose); 1 dx the specific growth µx = x'dt 
rate (h- 1 ); mG = maintenance energy (mole glucose per g cells 
per h); YG = true growth yield (g cells per mole glucose). 
This equation may be rearranged as follows: 
cr = + (4) 
where cr = µ IY I the specific rate of glucose utilization X X S 
(mole glucose per g cells per h). Leuenberger (1971) has 
described in detail the rationale behind these equations. 
The true growth yield (YG) has been obtained by plotting 
cr (mole glucose per g dry weight per h) versus dilution rate 
(µ) as shown in Fig. 3 and a value of 135 (g dry weight per 
mole glucose) has been determined. If it is assumed that all 
the glucose consumed is completely oxidized via the Krebs 
p 
cycle, and also that O equals 1, a value for YATP of 8.4 is 
obtained. 
However, the drawback to this method is that it does not 
distinguish between glucose used for cell carbon, and glucose 
oxidized completely to carbon dioxide with concomitant 
production of ATP. Underestimates for YATP are consequently 
obtai n ed . 
73 
(b) Determination of maintenance energy 
Two methods have been used to calculate maintenance 
energy (mATP) requirements for aerobic cultures. 
(i) At dilution rates below about 0.08 h-1, the 
cell yield declined signif icantly (Fig. 1). The maintenance 
energy coefficient has been obtained by plotting a (g glucose 
consumed per g dry weight per h) versus µ, and determining mG 
by extrapolation to zero dilution rate (Fig. 3; equation (4)). 
mG was calculated to be 0.07 mmole glucose per g dry weight 
per h. Assuming that 16 mole ATP are produced per mole of 
glucose used (i.e. P/0 = 1) a value for mATP of 1.12 mmoles 
ATP per g dry weight per his obtained. 
(ii) van Meyenburg (1969) has defined maintenance 
energy (QATP ) on the basis of the following equation: 
m 
= 
1 Q
02
m.P/O + 3 °-c~m·ox.P/Co 2 + QCOzm ferm. P/co 2 
1 p 
+ 3 Qco
2
m0 x'CO~ (5) 
where Qo ' Qco ox. and Qco ferro. are the terms for the 
2m 2m 2m 
specific uptake or release of oxygen or carbon dioxide for 
maintenance (mmoles gas per g dry weight per h); other 
terms are as defined for equation (2). QATPm is equivalent to 
mATP' and may be calculated from equation (5), using values of 
QQzm and QC obtained by extrapolation of Q0 and QCO 02m 2 2 
to 
zero dilution rate (Fig. 1), or by extrapolation of QATP to 
zero dilution rate. The latter method has been used to obtain 
the values reported below; standard statistical methods of 
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regression analysis have been used to obtain extrapolated value s 
and errors for QATP (Table 2). For aerobic, wild-type 
m 
cultures of S. cerevisiae, assuming a value for P/0 of 1, 
QATPm is 1.68 mmole ATP per g dry weight per h. 
II. Cells grown at 0.1 µM oxygen (micro-aerobic cultures) 
The potential respiration rates of cells cultured at 
0.1 µM oxygen under glucose limitation remained relatively 
constant at dilution rates between 0.015 h-l to 0.15 h- 1 , with 
values in the range of 1.7-2.2 mmole o 2 per g per h. The high 
value of b and high value for the respiratory quotient indica-e 
ted that under these conditions growth was supported by fermen-
tation (Fig, 4). Geo (moles CO 2 per mole of glucose consumed) 2 
also gave similar values to be, indicating fermentative 
metabolism. 
(a) Determination of YATP 
YATP was calculated from the true growth yield YG 
obtained from the gradient of the plot in Fig. 3 (cf. equation 
(4)). Since b 
e and Geo are both equal it was assumed 2 
that 1.7 moles ATP are produced per mole of glucose consumed; 
YATP was thus estimated to be 14.0. 
YATP may also be determined on the basis of equation (1) 
and (2). For fermenting cultures, equation (2) reduces to~ 
Qco ferm.P/co 2 + 2 
(6) 
QATP is a linear function ofµ (Fig, 5) and a mean value for 
YATP of 13.0 was determined over the range of µ from 0.02-0.l 
-1 h • 
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(b) Maintenance energy 
The maintenance coefficient mG was determined (i) by 
plotting a versusµ (Fig. 3) according to equation (4), and 
from the intercept a value of 0.25 mmoles glucose per g dry 
weight per h was obtained. Assuming that 1.7 moles of ATP 
wer e gained per mole of glucose consumed by the cells, 
mATP 
has a value of 0,43 mmoles ATP per g dry weight per h; (ii) the 
maintenance requirement QATPm (equation (5)) was obtained from 
a plot of QATP versus dilution rate (Fig. 5), as described 
earlier. A value of 0.25nnnoles ATP per g dry weight per h 
was found. 
III. Petite cells 
Petite cells, derived by euflavine trMtment of the 
parent wild type, lacked all mitochondrial cytochromes except 
c, and were essentially devoid of the corresponding electron 
transport activities (Table 1). Cultures grown in the 
glucose-limited condition, at 25 µM oxygen, yielded data as 
summarized in Fig. 6. Physiological parameters were not signi-
ficantly different under micro-aerobic conditions, 
(a) Determination of YATP 
The derivation of YATP for petite cultures from the 
true growth yield is identical to the method described earlier 
for the wild-type grown under micro-aerobic conditions. The 
true growth yield yG was found to be 20 g dry weight per mole 
of glucose, 
to be 12.5. 
and since b 
e 
and Geo = 1.6, YATP was ca f culated 
2 
Similarly YATP was determined from QATP 
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as described for micro-aerobic cells, and found to be 11.3 
(Fig. 7) , 
(b) Maintenance energy 
Using the Pirt equation (equation 4; Fig. 3) m was 
G 
calculated to be 0.52 mmole glucose per g dry weight per h, 
and since be equals 1.6 under these conditions then mATP was 
estimated to be 0.83 mmole ATP per g cell per h. Similarly, 
extrapolation of QATP to zero dilution rate (Fig. 7), gave a 
value of 0.70 for QATP • 
m 
The value for mATP obtained from mG when the petite 
was grown micro-aerobically was not significantly different 
from that obtained for aerobic cultures (Table 2). 
IV. Microaerobic cultures of Candida parapsilosis 
Although Candida species generally are obligate aerobes, 
C. parapsilosis and C. utilis will grow under steady state 
conditions at very low concentrations of oxygen (Fig. 8; 
Johns on , 1 9 6 7 ; Mo s s e t a l . , 1 9 6 9 ) . 
Cultures of C. parapsilosis were maintained at low 
oxygen concentrations by gently sparging the culture vessel 
with commercial grade nitrogen. Apart from this, no stringent 
precautions were taken to exclude oxygen from the culture and 
the input nutrient was saturated with air. q0 values were 2 
calculated assuming that the only oxygen available to the cells 
was that dissolved in the input nutrient, and that essentially 
all of this was consumed during growth. 
The dissolved oxygen concentration in the culture 
-1 
vessel was less than 0.2 µM oxygen at growth rates up to 0.2 h , 
7 7 
In these cultures, Q0 (Fig. 8) and potential respiration rates 2 
were very low; the latter was completely insensitive to cyanide . 
Carbon dioxide release (QCO) was high and thus the resp i ratory 
2 
quotient was also high. Ethanol concentration in the culture 
filtrate was found to be substantial, although b was signifi-
e 
cantly less than the value of 2 predicted on the basis of 
complete glycolysis of glucose to ethanol. However, Geo 
2 
(moles carbon dioxide produced per mole of glucose consumed) 
approached this value, and maintained an essentially constant 
-1 
value of 1.8 up to growth rates of 0.19 h . These data 
suggest that fermentation products other than ethanol may 
accumulate during growth of this organism at low oxygen 
tensions. In this respect it is notable that acid production 
was high under micro-aerobic conditions, as judged by the de-
mand for alkali via the pH controller. Thus, under 
micro-aerobic conditions growth of this organism appears to be 
sustained essentially by energy from fermentation. 
(a) Determination of YATP 
YATP was determined using the gas-balance 
technique of von Meyenburg (1969) as outlined earlier. In 
calculating QATP from equation (2), the contribution to ATP 
generation by respiration accounts for less than 5 per cent 
of the total production of ATP, assuming a maximum value of 
3 for P/0. For cells grown at 0.03-0.19 h- 1 , YATP was cal-
culated using QATP data which excluded the contribution of 
respiration (Fig. 9). A mean value of U.5 was calculated for 
YATP calculated from the YG value (Table 2) is either 
13.0 or 21 depending on whether the assumed stoichiometry 
for ATP generation from glucose is 1.8 (Geo value) or 
2 
1.2 (be value). 
(b) 
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Maintenance energy 
The maintenance requirement QATP (equation 
m 
(5)) was obtained from QATP data extrapolated to zero dilution 
rate (Fig. 9). A value of 0.21 for QATPm was determined (Table 
2). From the intercept in Fig. 10 (cr versusµ) mG equals 0.1; 
mATP has a value of 0.18 assuming 1.8 moles ATP gained per mole 
of glucose (Tab le 2). 
V. Aerobic cultures of Candida parapsilosis 
The respiratory physiology of Candida parapsilosis in 
glucose-limited chemostat culture was characteristically 
different from that of Saccharomyces. Thus, under aerobic 
conditions (100 ~M oxygen) and up to a dilution rate of 0.75 
h- 1 , growth of Candida parapsilosis is supported entirely by 
oxidative metabolism as judged by the respiratory quotient 
of the cultures (Fig. 11). In contrast to S, cerevisiae no 
ethanol accumulation in the medium occurred at high dilution 
rates, nor was there a decline in respiration and cell yield. 
(a) Determination of P/0 and YATP 
Determination of the P/0 ratio for aerobic cultures of 
S. cerevisiae relied upon the switch in metabolism from 
respir ation to fermentation and the subsequent experimental 
establishment of a constant YATP value independent of dilution 
rate. The same approach is not applicable to C. parapsilosis 
since oxidative metabolism is operative over the entire range 
of growth rate (Fig. 11). A change in the P/0 value merely 
changes the gradient of the plot of QATP versus dilution rate 
(Fig. 12). 
However, it has already been shown that a mean value of 
12,5 for y may be assigned to both aerobic and micro-aerobic 
ATP 
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cultures of S, cerevisiae. Similarly for micro-aerobic 
cultures of Candida parapsilosis YATP was calculated from 
gas-balance measurements to be 12.5. Consequently the latter 
value has been assumed to be a reasonable approximation for 
aerobic cultures of this organism. Equations (l) and (2) can 
be combined so that provided values for YATP' 
µ are known, the combined equation can be solved for P/0. 
A value for P/0 of 1.8 + 0.1 was determined. YATP calculated 
from the YG data has a value of 7.4 (Table 2); this may 
again reflect the unsatisfactory nature of estimation of 
(b) Maintenance energy requirement 
The maintenance energy coefficient was determined by 
plotting cr versus dilution rate (Fig. 10) and from QATP data 
(Fig. 12), assuming P/0 equals 1.8. Values of 1.3 and 1.87 
were obtained for mATP and QATPm respectively. Table 2 summa-
rizes the data on cell yield and maintenance energy require-
ments for the cell types examined in this study. 
80 
DISCUSSION 
The experiments described above were conducted in order 
to determine the relative energetic efficiencies of 
Saccharomyces cerevisiae and Candida parapsilosis and to 
compare the effects of oxygen tension on the maintenance 
energy requirements of these two organisms. Oxygen acts in 
three recognizable ways in yeasts: it induces, directly or 
indirectly, the synthesis of mitochondrial respiratory com-
plexes; it participates as a reactant in certain biosynthetic 
pathways,for example sterol and unsaturated fatty acid synthe-
sis; and it functions as an electron acceptor in respiration. 
At low oxygen tensions considerable respiratory development is 
induced in these two organisms but the relatively high K for 
m 
oxygen related to functional respiration prevents its parti-
cipation in oxidative metabolism (Johnson, 1967; Rogers and 
Stewart, 1973b). 
In cultures of S. cerevisiae grown at 0.1 µM oxygen, 
respiratory development as measured by potential respiration 
was about one-quarter of that sustained in highly aerobic 
cultures. Actual or functional respiration, however, was 
proportionally much lower than this. The maintenance energy 
requirement of micro-aerobic cells was significantly lower 
than that of aerobic cells. 
In comparison the maintenance energy coefficient of 
the petite strain was the same for aerobic and micro-aerobic 
cultures and intermediate between that of wild-type cells 
8 1 
grown in aerobic and micro-aerobic conditions, The i n crease 
in the maintenance energy requirement of wild-type, aerobic 
cells compared to ~icro-aerobic cultures suggests, though is 
not conclusive evidence, that the absence of respiratory 
function results in a lower maintenance energy requirement to 
sustain basic cell structure and function, It may thus 
represent a metabolic saving, resulting from the absence of 
the respiratory apparatus of the cell. That is, the extra 
maintenance energy requirement of aerobic cultures may be 
related to the more highly differentiated state of aerobic 
wild-type cells. The same decrease in maintenance energy was 
observed for Candida parapsilosis growing under micro-aerobic 
conditions; low oxygen tension also results in retarded 
respiratory development in this organism. A lesser, but 
probably significant, bioenergetic sparing may be evident in the 
petite mutant of S. c e rev i siae. 
These differences in maintenance energy may therefore 
reflect internal differences in the cells requirement f or ATP 
to sustain basic cell structure and function in the absence 
of growth. Although these results do not indicate whether 
low maintenance energy requirement represen~ a competitive 
advantage to the cell type concerned, this might be suggested 
by the findings of Zamenhof and Eichhorn (1967). These workers 
demonstrated that auxotrophic strains of Bacillu s s ubtili s 
outgrow parental strains when grown in continuous cultures 
l imited for energy source, They proposed that strains in whic h 
re dundant synthesis of metabolites or macromolecules is 
prev en ted or inhibited are able to outgrow strains in which 
these processes continue. If ma i ntenance e ne rgy in fact 
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reflects the energy required for the synthesis of cellular 
machinery needed to sustain cell function in the absence of 1 
growth, it may also provide a measure of energetic differences 
that are important in competitive situations. However, it 
should be noted (Table 2) that although micro-aerobic cells 
and petites have a lower maintenance energy requirement on an 
ATP basis, their maintenance requirement for the external 
energy substrate, glucose, is actually higher than that of 
wild-type aerobic cells. Hence, in terms of competition for 
external nutrients, the less differentiated cells entirely 
dependent on fermentative energy production would appear to be 
at a disadvantage. Experiments to explore the population dy-
namics of mixed cultures of the yeasts described in this 
communication are in progress. 
The concept of a coefficient to describe growth yield 
from ATP synthesized by the cell (YATP), introduced by 
Bauchop and Elsden (1960), provides a useful measure of the 
efficiency of energy utilization by actively growing cells. 
Bauchop and Elsden (1960) obtained a value of 10.5 for YATP 
for a range of organisms grown anaerobically in batch culture 
in complex media in which growth was ultimately limited by 
glucose; they suggested that this was the value for maximum 
efficiency. Forrest and Walker (1971) have reviewed more 
recent data, including analyses of aerobic cultures. In a 
wide range of organisms growing fermentatively, there is 
agreement that Y has a value of the order of 8-12 g dry 
ATP 
weight per mole ATP, 
have been reported. 
However significantly different values 
For example, in the case of 
-------
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Lactobacillus casei a value for YATP of about 20 was found 
(de Vries et a~, 1970) and for Zymomonas anaerobia a value of 
only 5.0 has been determined (McGill and Dawes, 1971). 
Forrest and Walker (1971) list other discrepancies that have 
been reported in the literature. 
In the present experiments it has been shown that there 
is general consistency between the YATP values determined by 
the gas balance technique (von Meyenburg, 1969) for aerobic or 
anaerobic cultures of the two yeasts examined. In aerobic 
cultures of S. cerevisiae a value of 11.3 for YATP was found; 
for micro-aerobic eultures the value was 13.0. The YATP values 
determined from glucose consumption (equation 4) for aerobic 
wild-type cultures, assuming that all the glucose is completely 
oxidized, gave values which were lower than the Elsden constant 
of 10.5, or the value determined by the gas balance technique. 
This discrepancy is almost certainly a consequence of the 
fact that not all the glucose consumed by the cells is oxidized 
via the TCA-cycle; a significant fraction of it is used for 
the synthesis of cellular components. In the case of micro-
aerobic or petite cultures, the major part of the glucose was 
utilized by glycolysis, and YATP values estimated from either 
YG or QATP data were very similar. 
In comparison with S. cerevisiae, the yield coefficient 
on a glucose basis (YG) was greater in aerobic cultures of 
C. parapsilosis. The higher growth yield of Candida may be 
explained by a greater efficiency of coupling in oxidative 
phosphorylation. The P/0 value determined for S. cerevisiae 
corresponds approximately to a single phosphorylation per 
electron pair reacting with oxygen. Assuming that the Y 
ATP 
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value of 12.5 obtained for C. parapsilosis under micro-aerobic 
condit ions is the same in aerobic cultures, growth yield 
unde r aerobic conditions corresponds to a P/0 value of 1.8. 
Calcu lations based on the data of Hernandez and Johnson 
(1967) and Whitaker and Elsden (1963) have shown that P/0 
values between 1.5-1.6 are indicated for Candida (von 
Meye nburg, 1969), assuming YATP has a value of 12. 
These data may be relevant to the reported 
differ ences in P/0 for mitochondria from different yeasts. 
The apparent absence of site I phosphorylation in mitochondria 
from S . cerevisiae (i.e. P/0 ratio of 2 for NADH - linked 
subs trates) has been reported by Vitals and Linnane (1961), 
Schatz and Racker (1966), Balcavage and Mattoon (1968) and 
Kovac et al, (1968). Ohnishi et aZ,U966)reported P/0 ratios 
of 3 for NAD-linked substrates in isolated mitochondria from 
Candida utilis . It should be noted, however, that more re-
cently Ma ckler and Haynes (1973) have reported that maximum 
phosphorylatio n efficiency (i.e. P/0 = 3) is only expressed 
in late stationary phase of batch cultures of Saccharomyces 
species , and in cells harvested at earlier times, mitochon-
drial P/0 values of 2 are obtained. Ghosh and 
Bhattacharyya (1971) have also reported highe r value s of P/0 
for Saccha r omy ces . 
I t is also sign ificant that C. parapsilosis will grow 
completely fe rmentat ively at very low oxygen tension. Thus, 
at least with respect to energy production, the organism is not 
obligately dependent on oxygen, and can it seems dispense wit h 
the respiratory function of mitochondria entirely. However, 
if conditions are made completely anaerobic, growth declines 
and washout occurs, indicating that the organism requires 
traces of oxygen, presumably in order to synthesize certain 
critical cellular compounds. 
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TABLE 1 
Effect of oxygen concentration on cell yield and respiratory and fermentative parameters for wild 
and petite strains of S. cerevisiae grown in glucose limited culture 
Potential 
Respira- Qo Qco RQ Oxygen Yield tion 2 2 
Qco Concen- (g cell 
tration per mole (mmole Of or CO2 per 2 g --
(µM) glucose) dry we ght per h) Qo 2 
Wild-tY.E_e 
0.1 25 2, 2 <0.05 3.8 >75 
25 124 9.0 2.46 2.68 0.92 
Petite 
25 18 0.48 <0.05 4.25 >85 
Glucose concentration in the input media was 50 mM; 
Respiratory enzymes 
b 
cytochrome cytochrome succinate e 
(mole C C dehydro-
ethanol oxidase reductase genase 
per mole 
glucose (µmoles substrate per min per mg 
consumed) protein) 
1.6 0.06 0. 011 0.08 
<0.05 0.25 0.023 0.22 
l. 9 0. 01 0.01 0.02 
-1 dilution rate of cultures was 0.06 h • 
TABLE 2 
Maintenance energy and cell yields for aerobic and micro-aerobic 
cultures of Saccharomyces cerevisiae and Candida parapsilosis 
(1) (2) 
QATP 
(3) y (1) 
Oxygen mG mATP G 
Concen- (mmole glucose m 
tration per g dry (mmole ATP per g dry weight per h) (g dry weight 
(µM) weight per h) per mole glucose) 
s. cerevisiae - wild-tY.E.e 
25 0 , 0 7 + 0 , 0 2 (_5 ) 1.12±0,22(5) l,68+0.28(6) 136 
0.1 0.25±0,01(5) 0.43+0.02(5) 0,25j:0,02(6) 24 
s. cerevisiae - Eetite 
25 0.52±0,03(6) 0.83±0,05(6) 0.70+0.03(7) 20 
0 .1 0.54±0,19(4) 0.86+0.30(4) 
-
19 
C.p_arap_silosis 
100 0.05±0,01(5) l.30+0.26(5) 1.87±0,15(7) 190 
0.2 0.10±0,01(5) 0.18±0,02(5) 0.21±0,06(7) 25 
(1) mG and YG weFe obtained by plotting 0 versus dilution rate (equation (4)). 
YATP 
(4) 
(g dry weight 
per mole ATP) 
(a) (b) 
8.4 11. 3 
14.0 13.0 
12.5 11. 3 
13.0 
7. 4 
13.9-21 12.5 
(2) mATP was calculated from me, assuming phosphorylation efficiences indicated in text. 
(3) QATP was obtained by extrapolating QATP to zero dilution rate (equation (2)). 
(4) YATPm was calculated: (a) from YG' using phosphorylation efficiencies indicated in text; (b) from QATP 
~quation (1)). mG and QATP were obtained by linear regression analysis using standard statistical 
m 
techniques. Values are given+ s.e.m., with number of points on each regression line in parenthes is. 
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g dry 
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SUMMARY 
Continuous cultures of Saccharomyces cerevisiae grown 
over a range of oxygen and glucose concentrations were used 
to determine the effects of these two physiological 
regulators on mitochondrial protein synthesis in vivo. 
Quantitative estimates were obtained of the contribution of 
the mitochondrial protein synthesizing system to the forma-
tion of mitochondrial membranes in cells grown over a wide 
range of dissolved oxygen concentrations, under conditions 
of glucose limitation or glucose excess in the cultures. 
The nature of the products of the mitochondrial system formed 
under these conditions was examined by selectively labelling 
membrane proteins in vivo in the presence of cycloheximide, 
and fractionating the products by gel electrophoresis under 
dissociating conditions. These results have been correlated 
with changes in the lipid composition of the cells and with 
the synthesis and assembly of components of the mitochondrial 
ATPase complex, 
r 
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INTRODUCTION 
Two important physiological regulators of organelle 
differentiation in yeast are oxygen tension, and the concen-
tration of glucose or other rapidly fermented sugars in the 
culture medium, Low concentrations of oxygen and high con-
centrations of glucose have similar effects on the synthesis 
of enzymes of mitochondria and peroxisomes (1,12,14,17); 
lipid synthesis in these cells is somewhat differently 
affected (3,6,7). Whether glucose repression and anaerobio-
sis have common effects on the synthesis of membrane proteins 
by the mitochondrial protein synthesizing system is the sub-
ject of this communication. 
An important consideration in examining the effects of 
anaerobiosis on cytoplasmic and mitochondrial nucleic acid 
and protein synthesis in yeast is the consequence of lipid 
depletion on cell growth rate, As shown previously, the use 
of anaerobic batch cultures of Saaaharomyces aerevisiae leads 
to a decrease in both mitochondrial and cytoplasmic protein 
synthesis approximately in parallel with depletion of 
unsaturated fatty acids and sterol from the cells (2,3). 
This simultaneous decline in activity of the two systems 
makes batch culture methods unsatisfactory for analysis of 
regulatory phenomena associated with organelle development 
in this organism. It is desirable when examining regulatory 
mechanisms involving the mitochondrial protein synthesizing 
system that the activity of the cytoplasmic system be 
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maintained constant, This is perhaps best achieved by compar-
ing cell types grown at a constant growth rate, since it is 
known for bacterial systems at least that the protein syn-
thesizing activity of cells is a function of cell growth rate. 
In this communication we describe the relative quantita-
tive contributions of mitochondrial and cytoplasmic protein 
synthesis to the formation of mitochondrial membrane protein 
in cells grown at constant growth rate in glucose-limited 
chemostats with oxygen tension regulated so as to alter the 
respiratory capacity and lipid status of the cell. The 
products of the mitochondrial system from different cell 
types have been compared by electrophoresis under dissociating 
conditions on polyacrylamide gels. A preliminary account of 
parts of this study has been reported previously (4). 
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METHODS 
CELL CULTURE 
A diploid strain of Saccharomyces cerevisiae was used 
in these experiments (13,14), Cells were grown in continuous 
culture at a dilution rate of 0.07 h-1 at pH 5 in a New 
Brunswick Microferm fermentor equipped with dissolved oxygen 
and pH controls. The working volume of the chemostat was 
2 litres. 
Oxygen concentrations were measured with a Mackereth-type 
oxygen electrode, as described previously (14). The electrode 
was calibrated with 1 per cent and 5 per cent air in nitrogen 
(Commonwealth Industrial Gases, Sydney), and with lower 
partial pressures of oxygen by diluting these standard gas 
mixtures with nitrogen using calibrated flow meters (Roger 
Gilmont Instruments, U.S.A.), When cultures were grown at 
oxygen concentrations of 0.1 µM oxygen or less the New 
Brunswick Oxygen Controller was not used. Instead nitrogen 
at 200 ml per minvas sparged through the culture vessel 
which was agitated at a constant rate of 600 rev per min, 
Silicon rubber tubing was used for the gas line, and the 
nutrient was purged with nitrogen before continuous cul ture 
was commenced. Under these conditions the dissolved oxygen 
concentration measured with the Mackereth electrode was 
0,1 µM oxygen. 
Anaerobic conditions ( < 0,05 µM oxygen) were achieved by 
purging the culture with 'oxygen-free' grade nitrogen 
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(Commonwealth Industrial Gases), from whic h residual oxygen 
(7-14 µl per litre) had been removed by passage over a 
heated copper catalyst at 150C, Heavy walled (6 mm thick) 
rubber tubing was used for the gas line in this case, which 
was kept as short as practicable, Air saturated medium was 
assumed to contain 230 µM oxygen (11), 
The semi synthetic nutrient contained the following 
components (% w/v): glucose, 0.5-6,0; (NH4 ) 2S04, 0.4; 
NaCl, 0,05; CaCl2, 0.01; MgS0 4 .7H 20, 0,2; KH2P0 4 , 0,2; 
FeC1 3 , 0.0003; yeast extract (Difeo), 0.5. 
Cell respiration, cell density and glucose were determin-
ed as described previously (14). ATPase activity was 
measured by the method of Kovac, Bednarova and Greksak (9). 
Methods for the analysis of unsaturated fatty acids and sterol 
in cells have also been reported previously (2), 
In vivo assay of mitochondrial protein synthesis was 
carried out using a method similar to that described by 
Schatz and Saltzgaber (16). Cells were harvested directly 
from the chemostat culture vessel onto ice, and cycloheximide 
was added to a final concentration of 25 µg per ml when 
mitochondrial protein synthesis was to be estimated. Cells 
were collected by centrifugation, washed once by resuspension 
in ice-cold water containing 25 µg cycloheximide per ml, and 
resuspended at a concentration of 5 mg d ry weight per ml in 
0,05 M potassium phosphate (pH 7.0), containing 50 mM glucose 
and 25 µg cycloheximide per ml, The dissolved oxygen concen-
tration for preincubation and labelling were usually the 
same as those existing during the prior steady state growth 
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of each cell type. The temperature of the cell suspension 
was adjusted to30C, and after 10 min preincubation 1 ml of 
4,5-
3
H-leucine (100 µCi per ml, 19 Ci per mmole, from the 
Radiochemical Centre, Amersham) was added to the cell suspen-
sion to give a final activity of l µCi per ml, The cells 
were incubated for 30 min after which incorporation was 
stopped by pouring the cells onto ice. The cells were then 
collected, washed, disrupted and fractionated as described 
by Gordon and Stewart (2), except that a 25000 g mitochondrial 
fraction was prepared. 
When mitochondrial protein synthesis was to be inhibited 
the incubation medium also contained 5 mg per ml of erythro-
mycin I gluceptate 1 (Ilotycin, from Eli Lilly and Co.), 
Erythromycin gluceptate does not significantly inhibit the 
uptake of labelled leucine into these cells (3), 
PREPARATION OF LABELLED SAMPLES FOR COUNTING 
Samples were prepared for counting as described by 
Gordon and Stewart (3), and radioactivity was determined in 
a dioxane based scintillant using a Beckman (U.S.) LS-250 
scintillation spectrophotometer. Protein content of the mito-
chondria was assayed by the method of Lowry, Rosebrough, Farr 
and Randall (10), 
----
9 7 
MITOCHONDRIAL MEMBRANE LABELLING AND FRACTIONATION 
When labelled membranes were to be prepared for electro-
phoresis in dissociating conditions, the following procedure, 
essentially that of Groot, Rouslin and Schatz (5), was used, 
The culture was harvested from the chemostat into cyclo-
heximide (20 µg per ml) at OC. The cells were collected by 
centrifugation, and washed once with ice-cold distilled water. 
1 g dry wt of cells was resuspended in 10 ml of 0.1 M 
potassium phosphate buffer (pH 7.0) containing glucose 
(concentration specified in the text) and 100 µg per ml cy-
cloheximide, and incubated at 30C for 15 min, 0,1-0.2 mCi of 
4,5-3H-leucine (1.5 Ci per mmole) was added to theincubation 
flask, and the incubation was continued for one h under the 
appropriate gaseous conditions as indicated in the text. (In 
some experiments u-14c-leucine (270 Ci per mole) was added 
in place of 4,5-3H-leucine to a final concentration of l µ Ci 
per ml.) At this point, 20 ml of 0.1 M leucine in phosphate 
buffer was added, and after a further 15 min the cells were 
chilled on ice and collected by centrifugation. During 
aerobic incubation, the oxygen concentration was measured 
with a YSI oxygen electrode and controlled by regulating 
an air or oxygen stream through the suspension. Anaerobic 
incubations were performed under nitrogen. The cells were 
disrupted in a Braun MSK homogenizer, and a mitochondrial 
fraction was prepared as described earlier. After washing, 
the pellet was suspended in 0.01 M sodium phosphate - 2 mM 
leucine (pH 7.) at a protein concentration of 5 mg per ml, 
and sonicated for five periods of l min duration at 2 amps 
using a Branson S-75 sonicator. The membranes were collect e~ 
( 
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by centrifuging at 80000 g for 20 min and washed by resuspen-
sion in phosphate-leucine. Sufficient SDS solubilizer 
(sodium dodecyl sulphate l per cent, glycerol 10 per cent, 
dithiothreitol 10 mM, bromphenol blue 0.002 per cent, in 
0.01 M sodium phosphate, pH 7,0) was added to the translucent 
membrane pellet to achieve a final protein concentration of 
2-3 mg per ml. The sample was heated at 70C for 30 min, left 
to cool for a further 60 min and then 100-300 µg of protein was 
loaded onto 7.5 per cent acrylamide gels (10 x 0.6 cm) 
containing 0.1 per cent sodium dodecyl sulphate, 10 µg of 
cytochrome c in SDS solubilizer was also usually added to the 
gels, 
Gels were prepared as described by Weber and Osborn (20) 
except that the buffer was tris (hydroxymethyl) amino methane 
(Tris) pH 8. 
The gels were sectioned with a gel slicer (Mickle, 
Gornshall, England) into discs of thickness 0.6-1 mm. The 
slices were dissolved by incubation in 0.3 ml of 10 per cent 
H2o2 at 70C, and assayed for radioactivity in a dioxan based 
scintillant using a Beckman LS-250 scintillation spectrometer. 
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RESULTS 
INTERACTION OF EFFECTS OF GLUCOSE AND OXYGEN CONCENTRATION 
ON CELL RESPIRATION AND LIPID CONTENT 
In cultures in which growth was limited for glucose the 
development of cellular respiration was very sensitive to 
dissolved oxygen. For example, cells grown at 0,1 µM oxygen 
under conditions of glucose limitation (glucose concentrations 
<50 µM) had a potential respiration rate (i.e. at saturating 
oxygen concentration) of 55 ng-atoms oxygen per min per mg 
dry wt. Actual respiration rates (i.e. at the oxygen concen-
tration of the culture in situ) measured under these condi-
tions were less than 2 ng-atoms oxygen per min per mg dry 
wt. As the oxygen tension in glucose-limited cultures was 
increased, the potential respiration rate also increased 
(Table 1), On the other hand a decrease in potential 
respiration rate from 55 to less than 30 ng-atoms per min per 
mg occurred when the steady state glucose concentration was 
increased from 50 µM to 12.5 mM at constant oxygen concen-
tration (0,1 µM). The potential respiration rate is an effec-
tive indicator of mitochondrial respiratory development in 
cells grown under these conditions (13,14). Actual respira-
tion rates did not become significant until the oxygen concen-
tration in the culture exceeded 0.5 µM. 
The yield coefficient, Y (g cells produced per mole of 
glucose) increased from 20 for cells grown in 0,1 µM oxygen 
to 118 for cultures maintained at an oxygen concentration of 
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1.9 µM oxygen. These are close to the values obtained for 
non-respiring and respiring batch-cultures of this yeast (8). 
Substantial changes in the amounts and proportions of 
unsaturated fatty acids and sterol in the cells occurred as 
oxygen tension and glucose concentration were varied, In 
general the total amounts of these lipids varied approximately 
with potential respiration, It is notable that at higher 
oxygen concentrations (0.5 µM) repression of respiration by 
glucose occurred with little effect on the fatty acid compo-
sition of the cells. However, at low oxygen tension glucose 
had a significant effect on the levels of the unsaturated fat-
ty acids. 
EFFECTS OF GLUCOSE AND OXYGEN ON MITOCHONDRIAL PROTEIN 
SYNTHESIS 
In an attempt to define more precisely the effects of 
glucose and oxygen on the development of respiratory function, 
the relative contributions, in intact cells, of cytoplasmic 
and mitochondrial protein synthesis to organelle protein were 
measured. After labelling intact cells in the presence or 
absence of antibiotic inhibitors of the two protein synthesi-
zing systems, cytosol and mitochondrial fractions were 
prepared and the label incorporated into the protein of these 
cell fractions was measured, In the absence of inhibitors 
there was extensive labelling of protein in mitochondrial and 
cytosol fractions of all types of chemostat-grown cells 
(Table 2), This activity was generally of similar order, 
reflecting the constant growth rate of the different cultures. 
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When cells were labelled in the presence of cycloheximide to 
inhibit the cytoplasmic system, incorporation into cytosol 
protein was less than 1 per cent of that measured in the 
absence of this inhibitor, indicating that cytosol protein 
consists almost entirely of products of the cytoplasmic 
ribosomal system. Substantial labelling of the mitochondrial 
fraction persisted when cycloheximide was present; this 
represents the contribution of the mitochondrial protein 
synthesizing system, since incorporation was inhibited if 
erythromycin was present at the same time as cycloheximide 
during the labelling period. Erythromycin gluceptate 
(Ilotycin) was used since it inhibited by less than 10 per 
cent the incorporation of label into cytosol protein (3); 
this is in marked contrast to the effects of chloramphenicol 
and erythromycin base (5). 
Comparison of specific radioactivities of mitochondrial 
and cytoplasmic protein between the cell types shown in 
Table 2 is not meaningful since differences in leucine pool 
sizes, for example, could account for the variation seen. 
However, the relative contributions of the two protein syn-
thesizing systems to the synthesis of mitochondrial protein 
within each cell type may be determined from the incorporation 
into mitochondrial protein found in the presence and absence 
of cycloheximide. The ratio of these contributions may then 
be compared between cell types. 
In derepressed cells grown in 1,9 µM oxygen, the mito-
chondrial system accounts for the synthesis of slightly more 
than 20 per cent of mitochondrial protein (Table 2). Lowering 
102 
the oxygen concentration to o.i µM results in a decrease in 
the proportion of mitochondrial protein synthesized by the 
mitochondrial system to about 10 per cent. In anaerobic, 
derepressed cells (<0,05 µM oxygen) the proportion falls 
to 3-4 per cent which is approximately the same as is found 
in micro-aerobic (0,1 µM oxygen) glucose-repressed cells. In 
aerobic cells (10 µM oxygen) heavily repressed by glucose, 
the contribution of the mitochondrial system is about 10 per 
cent. 
An independent indicator of mitochondrial protein 
synthesis is given by the relative amounts of mitochondrial 
and soluble ATPase present in the cells, Soluble ATPase is 
formed in cells of this organism when the synthesis by the 
mitochondrial protein synthesizing system of the membrane 
coupling factor is impaired. As a consequence, other compon-
ents of the ATPase, F 1 and OSCP, which are made on the 
cytoplasmic ribosomes, do not bind to the mitochondrial 
inner membrane (15,18,19), The relative amounts of soluble 
oligomycin-insensitive, and mitochondria-bound, oligomycin-
sensitive enzyme formed in the cells should therefore provide 
an indication of the relative activity of the mitochondrial 
system inthe different cell types, 
The effects of glucose and oxygen on ATPase activity 
are similar qualitatively to those already described for 
protein synthesis, As the oxygen concentration was lowered 
from 1,9 µM to 0,05 µMin glucose-limited cultures the 
specific ATPase activity of the mitochondrial fraction 
decreased to one-eighth of its original value; the oligomycin 
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sensitivity of the enzyme also decreased significantly (Table 
2), Only small amounts of ATPase activity are found in the 
cytosol fraction, and this activity is essentially insensit-
ive to oligomycin; to this extent the effects of low oxygen 
tension or high glucose concentration on the synthesis of 
mitochondrial ATPase are different from chloramphenicol or the 
petite mutation (15,18), 
When cells grown at low oxygen concentration (0.1 µM 
oxygen) and high glucose levels (12,5 mM) are compared with 
cells grown at the same oxygen tension, but limited for glu-
cose, there was no significant change in the specific activity 
of the mitochondrial ATPase. Yet the contribution of the 
mitochondrial protein synthesizing system is quite different 
between these two cell types, This again points to important 
differences in the effects of oxygen and glucose on mitochon-
drial development in this yeast. 
PRODUCTS OF MITOCHONDRIAL PROTEIN SYNTHESIS 
From preliminary experiments it became clear that the 
nature of the polypeptides synthesized on the mitochondrial 
ribosomes depended on the conditions of oxygen tension and 
glucose concentration during continuous culture, and also 
on the conditions imposed during the incubation with 
radioactive amino acid, The following experiments were 
devised to discriminate between the effects of changes in 
membrane lipid status, energy transduction, and oxygen tension 
on the synthesis of mitochondrial membrane polypeptides. 
Membrane protein fractions have been prepared from mito-
chondria and examined by polyacrylarnide gel electrophoresis 
under dissociating conditions. Table 3 summarizes the 
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relative labelling of the membrane protein preparations used 
in these experiments. 
(i) Cells from aerobic (10 µM oxygen) glucose-limited 
cultures 
When cells from aerobic, glucose-limited cultures were 
labelled, the nature of the protein products of the mitochon-
drial system was 
sensitive to the oxygen tension maintained 
during the labelling period. 
When membranes from cells grown in 10 µM oxygen were 
labelled aerobically (5 µM oxygen) (Fig. 1), two major 
regio ns of radioactivity were evident, one corresponding 
to a molecular weight range of 20000-40000 daltons and the 
other to polypeptides of molecular weight 60000-85000 daltons. 
Most of the radioactivity was associated with the smaller 
polypeptides. Specifically, bands 1-X (Fig. 1) corresponding 
to molecular weights of 120000, 85000, 81000, 69000, 38000, 
35000, 30000, 28000, 20000 and 15000 could be detected; certain 
of these components were not always resolved. A similar dis-
tribution pattern was obtained when cells from chemostat 
culture s grown at 1.5 µM oxygen were labelled aerobically 
at the same oxygen tension. 
When cells derived from aerobic cultures (10 µM oxygen) 
were labelled under anaerobic conditions (0.1 µM oxygen), the 
specific activity of the mitochondrial membranes declined 
by more than half (Table 3) and the relative proportion of 
radioactivi ty associated with the higher molecular weight 
protei ns increased (Fig. 2); a small increase in components 
of about 42000 daltons was also observed. 
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(ii) Effect of antimycin A on mitochondr~al protein synthesis 
in aerobically cultured cells 
As pointed out above, anaerobic labelling of aerobic 
cultures from glucose-limited chemostats resulted in a greater 
proportion of the label being associated with high molecular 
weight polypeptides than was seen in aerobically labelled 
cells. To determine whether these changes could be a conse-
quence of altered energy production by mitochondrial respira-
tion the effect of labelling the cells aerobically but in 
the presence of sufficient antimycin A to completely inhibit 
respiration was determined (Fig. 3). An increase in the 
proportion of label incorporated into 120000 and 45000 dalton 
polypeptides occurred compared to the uninhibited cells, but 
there was no significant increase in label in 80000 dalton 
polypeptides as was seen in aerobic cells labelled under 
anaerobic conditions. 
(iii) Products of mitochondrial protein synthesis in glucose-
repressed aerobic cultures 
Similar experiments were carried out using cells derived 
from aerobic (10 yM oxygen) continuous cultures in which 
glucose was in excess. When labelled at low glucose concen-
tration, components identifiable on the gels had molecular 
weights of 98000, 55000 and 35000 daltons (Fig. 4), When 
the glucose concentration during labelling was high (0.78 M) 
the distribution of label was altered further (Fig. 4): 
98000 and 55000 dalton polypeptides were not detected. The 
specific activity of the mitochondrial membranes was not 
significantly different as a result of these differences in 
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the glucose concentration used during labelling, but the 
activity nevertheless was only about one-third of that ob-
served with glucose-limited aerobic cells under the same 
conditions (Table 3), 
(iv) Products of mitochondrial protein synthesis in 
anaerobically cultured cells 
The nature of the mitochondrial protein products in 
micro-aerobic cultures (0.1 µM oxygen) is also affected by 
the oxygen concentration during the labelling incubation. 
It should be noted that although metabolism is almost entirely 
fermentative, a considerable development of mitochondrial 
potential respiration is evident in these cells (Table 1 and 
(14)). 
When cells from steady state cultures grown at 0.1 µM 
oxygen were labelled under nitrogen, isotope was once again 
located predominantly in two regions on the gels (Fig. 5). 
The main bands correspond to molecular weights of 85000, 81000, 
69000, 30000, 20000 and 16000 daltons. In comparison with 
membranes from aerobic cells, also shown in this diagram, 
there was an almost equal distribution of radioactivity 
between the 60-80000 and 20-40000 dalton regions on the gel. 
Thus, in anasrobically cultured cells, labelled at oxygen ten-
sions comparable to those in the original chemostat culture, 
the synthesis of the higher molecular weight proteins was 
proportionally greater than in aerobic cells and the number 
of polypeptides detected appeared to be smaller. 
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The products of mitochondrial protein synthesis formed 
in cells grown under glucose~repressed anaerobic conditions 
were also determined, Growth under these conditions is pre-
sumably limited by the synthesis of cellular components that 
require oxygen for their biosynthesis; 
the unsaturated 
fatty acid content of the cells, for example, was very low 
(Table 1), When the cells were labelled anaerobically the 
specific activity of the membrane protein was low, though 
not insignificant (Table 3) and the labelling pattern of the 
membrane proteins extracted from promitochondria was disperse 
(Fig. 6), 
If these anaerobically cultured cells were labelled 
aerobically the specific activity of the membrane protein 
increased more than six-fold (Table 3). Most of the radio-
activity in these preparations was associated with polypep-
tides of molecular weight 86000, 55000, 35000, 20000 and 
16000 daltons (Fig, 6), It is notable that the 55000 dalton 
component is also seen in glucose-repressed aerobic cells 
(Fig, 4), but not at all in derepressed cells, 
(v) Lipid-supplemented anaerobic cultures 
To discrimate between the effects of anaerobiosis per s e , 
and the degree of membrane lipid unsaturation on the membrane 
polypeptides synthesized by the mitochondria, cultures were 
grown anaerobically on media supplemented with unsaturated 
fatty acids and sterol. Cells grown under these conditions 
contain these lipids in similar amounts to aerobic cells (3). 
Mitochondrial proteins were labelled anaerobically and com-
Pared with those from unsupplemented anaerobes, in which the 
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content of unsaturated fatty ac i ds and stero l is very low 
(Table 1). Bands correspond i ng to pol ypeptides of molecular 
weights 80000, 20-35000 and 16000 daltons were observed 
(Fig. 7). Compared wi t h lipid depleted anaerobes in the 
supplemented cells, sligh tl y more label was associated with 
t he 20-35000 dalton reg i on of the gel, and a large proportion 
of the label was found in the 1600 0 dalt on polypeptide. The 
s pecific activity of membrane prote in prep are d fr om, the lipid 
supplemented cultures was gre a ter t han in comp arab l e anaerobes 
grown on unsupplemented nutrient (Tab l e 3) . 
( vi) Effect of chase durat i on o n mit oc hondrial protein 
products in anaerob i c cu ltur es 
The possibility e x ist e d that the altered pattern of label 
distribution in anaerob i c cu l ture s compared to aerobic cells 
was a consequence of the d e c reased rate of mitochondrial 
pr otein synthesis in the f o rmer , and consequently that products 
of t he mitochondrial prot ein synthesizing system were being 
ext racted which were di ffe r e n t with respect to their degree 
of c ompletion or maturat i on. 
Cells cultured semi- aer obically (0 . 2 µM oxygen) were 
la b e lled anaerobically and then subjected to an extended chase, 
usi ng cold leucine, for on e h after incubati on (Fig. 8), 
(Th e normal duration of th e pos t - labelling chase was 15 min). 
Af t e r electrophoresis o f memb ranes labelled with or without 
exte nded chase, the dis tribution of label among the 
polypeptides extracted fr om chased cells became more 
comp ar a ble to that se en i n a ero b ically cultured and labelled 
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cells (cf, Fig. i). The chase caused a shift of label from 
the high molecular weight to lower molecular weight region of 
the gel. Thus chasing results in labelling patterns in anaero-
bic cells that are similar to those of membranes from aero-
bically cultured and labelled cells. 
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DISCUSSION 
In these studies we have sought (i) to determine whether 
the activity of the mitochondrial protein synthesizing system 
can be regulated independently of the cytoplasmic ribosomal 
system when the activity of the latter is held approximately 
constant by imposing a constant growth rate on yeast cells; 
(ii) to define the relative contributions of cytoplasmic 
protein synthesis and mitochondrial protein synthesis to 
mit ochondrial membrane protein, and the effect of oxygen and 
glucose on these contributions; (iii) to determine the 
effects of oxygen and glucose on the nature of the products 
of the mitochondrial protein synthesizing system by comparing 
the electrophoretic properties of membrane proteins extracted 
from mitochondria. 
QUANTITATIVE EFFECTS OF OXYGEN AND GLUCOSE ON MITOCHONDRIAL 
AND CYTOPLASMIC CONTRIBUTIONS TO THE SYNTHESIS OF MITOCHONDRIAL 
PROTEINS 
The results show that either anaerobiosis or the presence 
of excess glucose in the chemostat cul tures causes a decline 
in the measurable activity of the mitochondrial protein 
synthesizing system. It is possible that these changes, even 
tho ugh large in some cases, could be due to change in the 
size of pools supplying amino acids to the mitochondrial 
ribosomes. However, when the relative contributions of 
cytoplasmic and mitochondr ial systems to the synthesis of 
mitochondrial membrane prote ins are compared, it becomes clear 
that these differential effects of o~ygen and glucose are 
real. 
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At the higher aeration levels used (l,O µM oxygen and 
greater), the energy metabolism of this organism is oxidative 
(14). As the dissolved oxygen concentration is decreased, 
the metabolism progressively becomes fermentative, and at 
oxygen concentrations below about 0.3 µM oxygen, growth is 
supported almost entirely by fermentation (14). The functional 
dependence of the cell on mitochondria for respiration thus 
declines as anaerobic conditions are approached, and conse-
quently the minimal contribution of the mitochondrial synthe-
sizing systems to their own maintenance in the anaerobic 
cell is approximated, The contribution of the mitochondrial 
protein synthesizing system to organelle membrane development 
has been expressed as the percentage of counts remaining after 
labelling in the presence of cycloheximide compared to those 
counts incorporated into mitochondria in the same cells 
labelled in the absence of the inhibitor. Under aerobic 
conditions of continuous culture the contribution of the 
mitochondrial system is about 20 per cent; and under 
anaerobic conditions the mitochondrial contribution declines 
to less than one-fifth of this. Further decrease in this 
contribution is achieved at low oxygen concentration by 
repressing the cells with high concent r ations of glucose. 
Likewise, it is only under these conditions of anaerobio-
sis and glucose repression that the ATPase activity of the 
mitochondrial fraction declines appreciably, Even under these 
conditions the basal rate of protein synthesis must be 
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functional to the extent of providing membrane binding 
protein for the F1 component of this complex. Furthermore, 
since there is little abnormal accumulation of ATPase 
(oligomycin-insensitive) in the cytosol of these cells, it 
would appear that the interdependence of the mitochondrial 
and cytoplasmic systems under these conditions ensures that 
the production of components of the complete, membrane-bound 
enzyme is closely coupled. This is in contrast to cells 
grown in the presence of chloramphenicol and to the situation 
in petite cells, in both of which there is accumulation of the 
unbound enzyme in the cytoplasm (15,18). 
Anaerobiosis plus glucose repression combine to decrease 
unsaturated fatty acid production. to below 20 per cent of the 
total fatty acid. Under these conditions the activity of the 
bound ATPase is small, amino acid incorporation rates 
attributable to the mitochondrial system are least, and the 
activities of the respiratory enzyme ~omplexes are near zero 
(14). This nearly complete repression of organelle function 
is nevertheless achieved in cells with normal growth rates, 
a condition that cannot be achieved in batch-grown cultures 
(3), It cannot be assumed, however, that promitochondria 
are absent from these cells. 
A mutant strain lacking fatty acid desaturase, and thus 
dependent on exogenous unsaturated fatty acid supplements 
was found to be unsuitable for continuous culture experiments 
of this sort, primarily because at low levels of unsaturated 
fatty acid, the spontaneous generation of petite mutants was 
found to be a problem; measurement of mitochondrial protein 
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synthesis in mixed cultures of this sort is difficult at best, 
With the wild-type organism used in the present studies, the 
proportion of petites found in continuous cultures was 
not affected by oxygen and was always less than 1.0 per cent. 
PRODUCTS OF MITOCHONDRIAL PROTEIN SYNTHESIS: - EFFECTS OF 
OXYGEN AND GLUCOSE 
In glucose-limited chemostat cultures of S, cerevisiae 
mitochondrial development is initiated, and continues, at 
very low oxygen concentrations in cells in which growth is 
occurring essentially by fermentation (14), The apparent Km 
for oxygen for the synthesis of the unsaturated fatty acids, 
ergosterol and membrane bound respiratory enzymes (succinate 
dehydrogenase and succinate cytochrome c reductase) is appro-
ximately 0.2 µM whereas the apparent Km related to oxidative 
cell yield is 0.7 µM oxygen (14). It might therefore be expec-
ted that differential effects of oxygen on the synthesis of 
individual protein species might be more pronounced at low 
oxygen concentrations, and it was in this range therefore 
that effects of oxygen on products of the mitochondrial protein 
synthesis were examined. 
Reduction of the oxygen concentration in steady state 
cultures to a level where fermentation contributed significant-
ly to energy metabolism (60 per cent at 0.5 µM oxygen) caused 
the molecular weight distribution of the labelled mitochondrial 
products to change considerably. Co-electrophoresis of 
membrane protein preparations showed that there is a decrease 
in the proportions of the 35000 and 38000 molecular weight 
species in the anaerobically cultured cells, Since lipid-
supplemented and lipid-depleted anaerobic cultures show ed 
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differences in the nature of their mitochondrial membrane 
products, the changed distribution of mitochondrial membrane 
polypeptides in anaerobic compared to aerobic cells is thought 
to be a consequence at least in part of the altered lipid 
status of the membranes in the two cell types. However, 
since the aerobic distribution pattern of radioactivity may be 
approximated in anaerobic cells after a longer chase 
with unlabelled leucine, it is also likely that in anaerobic 
cultures the rate of mitochondrial protein synthesis, and 
pos sible subsequent processing or maturation, has declined 
compared to aerobic cultures. If this is so, it is possible 
that the proteins of higher molecular weight (80000 dalton 
region) may be precursors of the smaller polypeptides. 
The fact that Groot et al. (5) did not observe more 
substantial quantitative differences in the distribution of 
mito chondrial products when lipid-supplemented anaerobic 
cells were labelled either aerobically or anaerobically may 
be a consequence of the long incubation times which they of 
necessity used in the preparation of protoplasts prior to 
cell disruption. In the present experiments the cells were 
rapidly broken after labelling in order to minimise both 
aerobic adaptation and the unavoidable chasing of label which 
occurs during the long enzyme incubations required for 
protoplast preparation. 
It is also significant that the nature of the products 
formed is to a large extent a function of the oxygen concen-
tration prevailing when the labelling is carried out. When 
cells from micro-aerobic or anaerobic cultures were aerated 
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during the labelling incubation, the label distribution 
resembled that obtained for aerobic cultures under identical 
labelling conditions. Likewise, when cells from aerobic and 
anaerobic continuous cultures were labelled anaerobically, 
the patterns of labelled protein after electrophoresis were 
more generally comparable. 
The change in the distribution of the membrane polypep-
tides of aerobic cells, when labelled anaerobically, could be 
due (a) to an effect of oxygen per se on this protein syn-
thesizing system; (b) to an effect on organelle protein 
synthesis mediated by immediate and very rapid changes in the 
lipid composition of the membrane of the organelle; (c) to 
changes in the activity of energy transformation or transport 
mechanisms associated with this protein synthesis. All 
three may be important. As regards (c), antimycin A treatment 
of aerobic cells did not significantly increase the proportion 
of label associated with the 80000 dalton polypeptides as 
occurred when the same cells were labelled anaerobically; 
nevertheless labelling patterns were different when compared 
with uninhibited aerobic cells labelled either aerobically 
or anaerobically. Thus dependence on fermentative metabolism 
during membrane labelling does not result in similar labelling 
patterns in cells from similar or different growth regimes. 
Little can be said of alternative (b) at this point. A role 
for oxygen as indicated in (a) is suggested by the differences 
mentioned ab o ve between aerobic cells, anaerobic cells and 
cells treated with antimycin A, and those between lipid 
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supplemented anaerobics and aerobically cultured cells 
described earlier. However, it is possible that the effect 
of oxygen is not so much a qualitative effect as one on the 
rate of protein synthesis in yeast promitochondria, as 
suggested by the extended chase experiment with anaerobic 
cells. 
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mg dry Sh0rt ch ain Long chai( ~: ~~ chain( ) (mM) ml) glu cose ) Potential Actual wt ) saturated(d) saturated J)un~a~urated d 
o.05<a) 3.2 118 285 60 125 1.2 1 2. 8 86 o.05<a) 1. 5 53 200 10 108 1 1 6 83 5.2 (b) 3.2 30 85 2 70 ' 15 81 .. o.05<a) 0.55 20 55 2 64 4 39 57 12.5(b) l. 8 18 28 2 70 33 54 13 o.05<a) 0.46 15 20 2 34 38 53 9 80 (c) 0.2 
- 8 2 35 39 52 9 
The glucose concentration in the input nutrient was: (a) 28 :::'.-1, (b) 110 mM, (c) 160 m~I. 
regime (c) conditions were close to the 'wash-out' point of the system. 
(d) 
Vnder 
Short chain saturated fatty acids: 10:0, 12:0, 14:0. 
Long chain saturated fatty acids: 16:0, 18:0; Long chain unsaturated fatty acids: 16:1, 18:l. 
Sterol 
( µ g per 
mg dry 
wt) 
6 . 5 
4.2 
2 . 9 
1. 5 
0.5 
0.5 
0. 5 
TABLE 2 
Activity of mitochondrial and cytoplasmic protein synthesizing 
systems in cells grown in continuous culture at different oxygen tensions and glucose concentrations 
Potential 
Respira-
Oxygen tion (ng 
Concen- atoms 0 
tration Glucose per min 
(µM) (mM) per mg) 
1. 9 <0.05 285 
0. 1 <0.05 65 
0. l 12.5 28 
<0.05 < 0. 05 20 
10 50 140 
Cells were collected 
oxygen and glucose as 
synthesis in vivo as 
Total 
.Fatty 
Acid 
(µg per 
Unsatur-
ated 
Fatty 
Acid 
(µg per 
Incorporation of 3H-leucine 
(counts per min per mg protein) 
mg dry mg 
wt) 
dry 
wt) No inhibitor +CYC(a) +CYC,ER(a) 
ATPase 
(µmoles per min 
per mg protein) 
mt (a) ct(a) mt ct mt ct mt ct 
125 108 39200 44500 8550 310 350 278 3o3(1CJ/b) 0.14 (98) (b) 
64 36 25100 28300 2400 53 238 79 1.8(11) 0.06 (>100) 
70 15 55000 44600 1980 310 206 130 1.6(12) p.06 (98) 
34 9 45900 29000 154 0 103 197 22 0.4 (17) 0.02 (>100) 
95 76 43200 47300 4620 150 460 282 
from chemostat cultures operating at steady state concentrations of 
shown, Cells were assayed for mitochondrial and cytoplasmic protein 
described in the Methods section; mitochondrial and 
were also assayed for ATPase. 
cytosol fractions 
(a) Abbreviations are: mt - mitochondria; ct - cytosol; CYC - cyclo~eximide; ER - erythromycin, 
(b) Figures in parentheses indicate concentration of oligomycin (µg per mg protein) required for 
50% inhibition of ATPase activity. 
TABLE 3 
S pec i f i c radio ac t iv i ty o f mitochondrial mem b ra n e s from d ifferent cel l ty p e s 
Cell Reseiration Activity of 
Continuous culture conditions Potential Actual Labelling Conditions Membrane Protein 
Ox ygen Glucose (ng atoms O per min Glucose Oxygen (counts per min 
(µM) (mM) per mg dry weight) (n1M) (µM) per mg protein) 
10 0.05 290 65 54 0 .1 69,300 
10 0.05 290 65 54 5 165,210 
10 0.05 290 65 54 5 55,300 
(+ Antim y cin A(b)) 
10 so 140 20 54 5 62,500 
10 so 140 20 78 0 5 58 , 250 
0.1 0.05 55 < 2 54 0.1 43, 500 
0. 1 0.05 75 < 2 54 0. 1 65 , 000 
(l ipid ( a ) 
supplemented ) 
< 0 . 0 5 4 2 0 < 2 5 4 0.1 1, 650 
< 0 . 05 4 2 0 < 2 54 10 1 0, 54 0 
Cells were collected from chemostat cultures and mitochondrial membranes were labelled in vivo and 
fractionated as described in the methods. 
(a) Cultures grown on medium supplemented with unsat u rated fatty acids ( Tween 80, 5 ml per 1) and 
ergosterol (80 mg per 1 ) 
(b) Antimycin A concentration: SO µg per ml cell suspension . 
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Fig. 1. Mitochondrial membrane proteins from chemostat grown 
cells grown at 10 µM dissolved oxygen concentration were 
labelled aerobically (5 µM oxygen, Table 3) in the presence 
of cycloheximide with 3tt-leucine, and the proteins subjected 
to electrophoresis. Peaks I-X correspond to polypeptides of 
estimated molecular weights: 120,000 85,000, 81,000, 69,000, 
3B,ooo, 35,000, 30,000, 28,000, 20,000 and 15,000 respectively. 
The arrow indicates the position of the cytochrome o marker. 
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Fi g. 2 . Mitochondrial membrane proteins from cells maintained 
at 10 µM oxygen were labelled aerobically (5 µM oxygen) in 
the presence of cycloheximide with 14c-leucine (~) and co-
elec trophoresis was carried out with membranes labelled 
anaerobically with cycloheximide present with 3H-leucine 
(Table 3). The specific activity of the 14 C-leucine labelled 
membranes was 38,000 counts per min per mg protein. 
i nd i cates the position of the cytochrome c marker. 
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Fig. 3. Mitochondrial membrane protein; from cells maintained 
at 10 µM oxygen were labelled aerobically (5 µM oxygen) in 
the presence of cycloheximide with 14 C-leucine c~~) and subjected 
to co-electrophoresis with protein from membranes labelled 
aerobically but in the presence of both cycloheximide and 
antimycin A (Tab le 3) with 3H-leucine (-). The specific activity 
of the 14C-leucine labelled membranes was 38,500 counts per min 
per mg protein. The arrow indicates the position of the 
cytochrome c marker. 
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Fig. 4. Mitochondrial membranes from glucose-repressed 
chemostat cells grown at 10 µM oxygen were labelled aerobically 
in the presence of cycloheximide with 14 C-leucine (--~ in 
a medium containing 40 mM _ glucose. Proteins from these 
preparations were subjected to co-electrophoresis with 
proteins from membranes labelled with 3H-leucine (~) at a 
glucose concentration of 0.78 Mand in the presence of 
cycloheximide (Table 3). The specific activity of the 
membranes labelled with 14 C-leucine was 15,100 counts per 
min per mg protein. The arrow indicates the position of 
the cytochrome a marker. 
::c: 
M 
.!: 
E 
... 
Q) 
a. 
600 
500 
~ 400 
C 
:, 
0 
u 
300 
200 
100 
! 
r1 I 
: \N ; . 
I 
I 
I 
I 
' 
r 
: 
I 
I 
' I 
' 
' 
\, "' 
"·'-'°'\ I 
V 
20 
" ,, 
Io 
I• I: 
! ' 
, ' i : 
I : 
I 
' 
I 
I 
I ·, 
40 
; 
I 
' 
' 
slice number 
' 
' I I 
\ 
·, 
60 80 
200 
150 .. u 
C 
E 
... 
Q) 
a. 
~ 
JOO 5 
50 
0 
u 
Fig. 5. Mitochondrial membrane proteins from anaerobically 
cultured cells (0.1 µM oxygen) were labelled under nitrogen 
with cycloheximide present and co-electrophoresis was carried 
out with membrane protein from aerobic cells which had been 
l abelled aerobically in the presence of cycloheximide after 
growth at 10 µM dissolved oxygen concentration. The anaerob ic 
mi tochondrial membranes were labelled with 3 H-leucine (--~ 
(Table 3) and the aerobic membranes labelled with 14 C-leucine 
(specific activity 38,500 counts per min per mg protein). The 
arrow indicates the position of cytochrome a marker. 
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Fig. 6. Mitochondrial membranes from an~erobic, glucose-
repressed cultures were labelled with 3H-leucine in the presence 
of cycloheximide both anaerobically (---) and at 10 µM dissolved 
oxygen concentration (Table 3) and electrophoretic separation 
of the proteins carried out with each preparation separately. 
The arrows indicate the positions of the cytochrome c marker 
for each gel. 
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Fig. 7. Mitochondrial membrane proteins from chemostat cells 
grown at 0.1 µM oxygen on lipid supplemented medium were 
labelled anaerobically with cyclohexirnide present with 3H-
leucine (Table 3) and subjected to electrophoresis. The 
arrow indicates the position of the cytochrome c marker. 
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Mitochondrial membrane protein; from cells grown at 
0.1 µM oxygen were labelled anaerobically with 14c-leucine (~) 
and co-electrophoresis was carried out with membranes labelled 
under the same conditions with 3H-leucine (Table 3) but 
including extended chase with cold leucine of 1 h. Labelling 
was performed in the presence of cycloheximide. The specific 
activ ity of the membranes after the extended chase was 79,500 
counts per min per mg protein compared to a value of 18,500 for 
membranes prepar~d using the shorter 15 min standard chase. 
The arrow indicates the position of the cytochrome a marker. 
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SUMMARY 
Products of the mitochondrial protein synthesizing 
system have been labelled in vivo in the presence of cyclo-
heximide in micro-aerobic cells and in cells from glucose-
limited and glucose-repressed, aerobic continuous cultures 
of Saooharomyoes oerevisiae. Proteolipids were extracted 
from labelled mitochondrial membranes with aqueous methanol 
and neutral and acidic chloroform-methanol solvents. In 
glucose-limited aerobic and micro-aerobic cells, about 45 per 
cent of the total mitochondrial products were soluble in 
organic solvents; in contrast almost all of the labelled 
products were extracted from glucose-repressed mitochondria. 
Only trace amounts of labelled product could be extrac ted from 
mit ochondrial membranes of a petite mutant. Lipid-soluble 
proteins were characterized by polyacrylamide gel electrophore-
si s under dissociating conditions. Most o f the label was 
as sociated with components of apparent molecular weights, 
12 ,000, 14,000 and 16,000 daltons. The relative proportions 
of these species depended on the prior conditions during 
cul ture. 
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INTRODUCTION 
Recent studies have confirmed that products of both 
the cytoplasmic and the mitochondrial, protein synthesizing 
systems are required for the assembly of some complexes of 
the inner membrane of yeast mitochondria, for example cyto-
·chrome c oxidase (4,10,20) and ATPase (18,20). A significant 
proportion of the mitochondrial protein products can be selec-
tively extracted from rat liver (1,6,7,8,9) and yeast (13,19) 
mitochondria with organic solvents. Kadenbach and Hadvary (7) 
Sierra and Tzagoloff (17) and Michel and Neupert (12) have 
discussed the possible role of small lipophilic molecules in 
the synthesis and assembly of mitochondrial membranes. 
Previous studies showed that the nature of the membrane proteins 
made by the mitochondria in Saccharomyces cerevisiae is regu-
lated by environmental factors such as oxygen tension and 
glucose concentration (5,11,15), Whether this control extends 
to the synthesis of lipid soluble proteins and therefore 
reflects changes in mitochondrial membrane function is the 
subject of this communication. 
METHODS 
CELL CULTURE 
A diploid strain of S. cerevisiae and a petite cell 
derived from the parent strain by euflavin treatment were 
studied. Cells were grown in continuous cultures in a New 
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Brunswick Microferm fitted with pH and oxygen controls on a 
semi-synthetic medium (16) at a pH of S.S. The dilution rate 
which is equal to the exponential growth rate was 0.06 h- 1 . 
MITOCHONDRIAL MEMBRANE LABELLING AND ANALYSIS 
The protein products synthesized by the mitochondria 
were labelled in vivo with 4,S- 3H-leucine as described 
previously (15). The concentration of tritiated leucine 
during the labelling incubation has been varied in some 
experiments and is referred to in the text. Gel electrophoresis 
was performed on 7.5 per cent polyacrylamide gels in tr.e 
presence of sodium dodecyl sulphate as described by Weber and 
Osborn (21) except that the buffer was tris (hydroxy methyl) 
amino methane pH 8. The gels were analysed for radioactivity 
as described earlier (15). In some experiments the gels were 
strained with coumassie blue (2 per cent w/v in methanol: 
acetic acid:water, 5:1:4). Destaining was carried out at 40C 
in methanol:acetic acid:water, 5:1:4. Stained gels were scanned 
at 650 nm in a Gilford spectrophotometer fitted with a 
scanning accessory. 
EXTRACTION OF MITOCHONDRIAL PRODUCTS WITH ORGANIC SOLVENTS 
The procedure is essentially that of Tzagoloff and Akai 
(19). Mitochondrial membranes were extracted twice with 
methanol (90 per cent, v/v) at room temperature (1 ml so l v ent 
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per 2 mg of mitochondrial protein), the extract dried at soc 
under dry nitrogen, and then dissolved in the sodium dodecyl 
sulphate solubilizer by heating at 70C for 30 min as described 
previously (15). The residue after methanol extraction was 
extracted twice (1 ml solvent per 2.5 mg protein) with chloro-
form:methanol (2:1, v/v) at soC for 20 min. The extracts were 
pooled, dried and dissolved as above. The residue from this 
extraction was extracted twice (2 ml solvent per 2.5 mg protein) 
with acidified chloroform:methanol (2:1, v/v; lOmM HCl) for 
20 min at soc and the extracts were pooled, dried over nitrogen 
and solubilized. The residue remaining after these solvent 
extractions was also dried and solubilized in sodium dodecyl 
sulphate. Samples of the different solvent extracts were 
removed before drying for the determination of protein and 
radioactivity. 
AMINO ACID IDENTIFICATION 
Dried e~tracts were incubated for 30-32 hat 110C in a 
mixture of 6M HCl and concentrated acetic acid (2:1, v/v). 
The lipids were extracted with petroleum ether and the water 
soluble components were separated by two dimensional paper-
chromatography (14). Amino acids were identified with 
ninhydrin, and other substances with iodine. When radio-
activity was to be quantitated, the spot corresponding to 
leucine was cut out, leached in 1 ml of water overnight, and 
radioactivity determined in the extract. 
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RESULTS 
GLUCOSE-LIMITED AEROBIC CELLS 
Cells were grown in glucose-limited cultures at an 
oxygen concentration of 30 µM. Mitochondrial membranes lab-
elled in vivo in the presence of cycloheximide (CYC) were 
extracted firstly with methanol (90 per cent) and then succes-
sively with neutral and acidified chloroform:methanol essenti-
ally by the method of Tzagoloff and Akai (19). Approximately 
5-10 per cent of the initial radioactivity was recovered in 
the methanol extract (Table 1). Neutral chloroform:methanol 
solubilized about one quarter of the radioactive products 
(Table 1). Using acidic chloroform:methanol a further 15 per 
cent of the original radioactivity was recovered, and the re-
sidue after the extractions accounted for more than 50 per cent 
of the initial activity. However, the specific activity of 
the neutral chloroform;methanol fraction had increased about 
25-fold compared to that of the original submitochondrial 
particles. 
The radioactivity in the solvent extracts was shown to 
be primarily due to incorporated leucine by identification 
of the amino acid after acid hydrolysis of the extracted 
material. More than 85 per cent of the incorporated radio-
activity was recovered as leucine by two dimensional paper 
chromatography. 
The mitochondrial products extracted with the solvents 
were examined by gel electrophoresis. In Fig, 1 the gel 
patterns of the fractions already mentioned are shown, 
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Two major bands of radioactivity, one near the cytochrome o 
marker, the other of slightly greater molecular weight,were 
observed in the methanol fraction (Fig. la). The disperse 
leading edge is probably due to free leucine plus peptides of 
lower mobility than cytochrome c, 
Most of the absorbance trace in the low molecular 
weight region of these gels was due to light scattering by 
opaque non-staining material, presumably phospholipid. 
Components of similar mobilities to those in the methan-
ol extracts were also detected after electrophoresis of the 
neutral chloroform:methanol extracts. In this case, most of 
the label was associated with a discreet band of radioactivity 
corresponding to a molecular weight of 14,000 daltons; some 
activity was also present in the region close to the cytochrome 
o marker. A minor component with very low molecular weight was 
also detected. 
In the acidified chloroform:methanol extract (Fig. le) 
almost all the radioactivity was present as a discrete band of 
apparent molecular weight 16,000. Label also migrated with 
the same mobility as the cytochrome c marker. 
High molecular weight products of mitochondrial 
translation were detected in the residue remaining after each 
successive solvent extraction (Fig. 2). After extraction of 
the particles with 90 per cent methanol, most of the label 
associated with 90,000 dalton components in untreated membrane s 
was removed; an increase in the relative amount of radioact i -
vit y associated with product s o f ap p a r ent molecular weight 
1 6 ,000 a l s o occurred, Wh e n the residue after 
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chloroform:methanol extraction was subjected to electrophore-
sis, a decrease in the amount of components of approximate 
molecular weight 35,000 was evident and a further increase in 
the proportion of label in the 16,000 dalton region had occurred 
(Fig. 2c), The increased sharpness of this band suggested that 
another component had been removed by neutral chloroform: 
methanol, The residue remaining after the final extraction 
with acidic chloroform:methanol contained both 16,000 and 
35,000 dalton products. Since the parallel analysis of the 
solvent extracts had not demonstrated the selective extraction 
of 30-35,000 and 90,000 dalton products (Fig. 1), it is possible 
that the 16,000 and 14,000 components are subunits of these 
species. 
MICR O-AEROBIC GLUCOSE-LIMITED CULTURES (0,1 µM OXYGEN) 
Earlier studies (15) showed that the protein products of 
the mitochondrial system were significantly different in micro-
aerobic cells compared to those from aerobic cultues, when the 
labelling conditions were conducted at the same oxygen concen-
tration as main ained during steady-state growth (cf. Fig. 2a 
and 3a). The relative contribution of mitochondrial protein 
synthesis to organelle membrane assembly in the former cells 
was 10 per cent of the total protein as compared to about 20 
per cent in aerobic cells (15). The distribution of radioacti-
vity in mitochondrial membranes from micro-aerobic, glucose-
limited cells is shown in Fig. 3a. 
Submitochondrial particles were extracted sequentially 
With organic solvents in the same order as described for aero-
bic cultures. The results are summarized in Table 1. Methanol 
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(90 per cent, v/v) solubilized less than 5 per cent of the 
radioactive products. Extraction with neutral and acidic 
chloroform:methanol yielded a further 20 per cent and 24 per 
cent of the original counts respectively. Approximately half 
of the initial radioactivity was recovered in the residue 
after the solvent extractions. A significant enrichment of 
mitochondrial products was obtained with neutral chloroform: 
methanol extraction; an almost six-fold increase in the speci-
fie radioactivity of the solubilized protein was evident 
compared with the untreated mitochondrial membranes. 
The extracted mitochondrial products were characterized 
by electrophoresis in dissociating conditions (Fig. 3). The 
residue after methanol extraction showed a significantly diffe-
rent radioactivity profile compared with the untreated particles 
(cf.Fig, 3a and b). Firstly the label associated with 80,000 
dalton products had disappeared; secondly a decline had occur-
red in the relative labelling of products of approximately 
351,1)0 daltons; ihirdly radioactivity was now associated with 
products of molecular weight 12,000 and 14,000 daltons; and 
finally some label migrated faster than the cytochrome c 
marker and was associated with the front of the gel, Neutral 
chl oroform:methanol, solubilized 12,000 and 14,000 dalton pro-
ducts and also some components of molecular weight less than 
12 , 0 00 (Fig, 3 c) , It was evident when the residue remaining 
after neutral chloroform:methanol extraction was analyzed by 
electrophoresis that all of t he 12,000 and lower moelcular 
weight proteins had been s olubilized (Fig, 3d). Acidified 
chloroform:methanol solubilized mainly the 14,000 dalton 
product and a small proportion of higher molecular weight 
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species (Fig. 3e). The 14,000 dalton product could still be 
detected in the final residue (Fig. 3f) and in addition label 
was still associated with 20-30,000 dalton products. 
GLUCOSE-REPRESSED AEROBIC CULTURES 
When cells were grown under glucose repression in con-
tinuous culture, mitochondrial respiratory development is 
repressed (15). In this regard, the effects of anaerobiosis 
and glucose-repression in S. cerevisiae are similar. 
Furthermore the fraction of mitochondrial protein made by the 
mitochondrial ribosomes declines by almost half in repressed 
cells compared with derepressed cells (15), Whether or not 
the nature of the mitochondrial protein products formed under 
these conditions is also altered was examined by extracting 
proteolipid fractions and analyzing these by gel electrophore-
sis. Practically all of the mitochondrial membrane synthesiz-
ed by mitochondrial ribosomes was recovered in the 20-40,000 
molecular weight region of the gel (Fig. 4a). The results of 
solvent extraction · are summarized in Table 2, In comparison 
to the glucose-limited c~ltures, most of theradioactivity 
(>80 per cent) was solubilized with neutral chloroform: 
methanol and the extracted label was associated predominantly 
with 12,000, 14,000 and 16,000 dalton products; label was 
also present near the origin of the gels (Fig. 4b), Acidic 
chloroform:methanol solubilized most of the remaining radio-
activity and this was found to be primarily 14,000 and 16,000 
dalton material (Fig, 4c). 
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MITOCHONDRIAL PRODUCTS IN A PETITE STRAIN OF S. CEREVISIAE 
Protein products of yeast cells labelled in vivo in the 
presence of cycloheximide are usually classified as mitochon-
drial in origin, provided the following criteria are satisfied. 
Firstly the labelling must be associated with the mitochondria; 
secondly the labelling is inhibited by specific inhibitors of 
mitochondrial protein synthesis; and thirdly, the labelling 
does not occur in petite mutants in which a specific deletion 
of the mitochondrial protein synthesizing system has occurred, 
The first antl second criteria have been confirmed and are des-
cribed elsewhere (15). 
Petite cells from aerobic, glucose-limited continuous 
cultures were labelled in the presence of cycloheximide and 
a high concentration of radioactive leucine (Table 1); a mito-
chondrial membrane preparation was prepared and examined by gel 
electrophoresis. A single, small peak of radioactivity which 
migrated with the cytochrome c marker, could be identified 
in mitochondrial membranes prepared from this mutant (Fig. 5). 
Most of this radioactivity (80 per cent) was extracted with 
90 per cent (v/v) methanol (Table 2). The fact that the 
20-40,000 molecular weight protein was absent in the petite 
mutant and that neutral chloroform:methanol did not extract 
labelled polypeptides of molecular weight 12,000 and higher 
indicates that the latter are products of the mitochondrial 
protein synthesizing system. 
When the methanol extract was examined by gel electro-
phoresis, all the radioactivity migrated faster than the 
cytochrome c marker ( F ig, Sb) at a position comparable to the 
bromphenol blue dye front. Similarly, when the neutral 
chloroform;methanol extract was electrophoresed traces of 
label were detected (Fig. 5c) at the same position. 
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DISCUSSION 
The existence of hydrophobic membrane proteins that are 
soluble in organic solvents has been well established (3,20). 
These proteolipids may be the major iroducts of the mitochondri-
al protein synthesizing system (1,2,6,7,8,9,13,17,19,20), and 
recent evidence indicates that they are part of the rutamycin-
sensitive ATPase complex of yeast (17,20). 
The present study has shown that oxygen and glucose 
regulate the synthesis of proteolipids in S. cerevisiae. 
Depending on the prior growth and labelling conditions between 
40 per cent and almost 90 per cent of the mitochondrial pro-
ducts labelled in vivo, can be solubilized with organic solvents. 
The former yield was obtained with both aerobic and micro-
aerobic cells from glucose-limited cultures and the latter 
from glucose-repressed cells. Glucose may promote the synthe-
sis of hydrophobic proteins and also repress the formation of 
more hydrophilic polypeptides. Alternatively changes in the 
chemistry of the membranes may affect the solubility of these 
proteins in organic solvents. 
The molecular weights of mitochondrial proteolipids 
have been determined from polyacrylamide gel electrophores is 
in the presence of sodium dodecyl sulphate. Under these 
conditions the molecular weight of a large number of soluble 
proteins is directly related to their electrophoretic mobility. 
Whet her or not a similar relationship applies to the mobility 
of extremely hydrophobic proteins is not known. Studies of 
the free mobilities of proteolipids such as the coupling 
fa ctors of yeast ATPase may resolve this problem. We have 
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made no allowance for the anomalous behaviour of hydrophobic 
polypeptides, so that the molecular weights reported for these 
species are tentative. 
In both repressed and derepressed cells the major pro-
teolipids had nominal molecular weights of 16,000, 14,000 and 
12~00 daltons. The predominant species solubilized from 
glucose-repressed mitochondria was the 14,000 dalton product 
while in extracts from derepressed membranes the 16,000 compon-
ent predominated. A partitioning effect of the 16,000 molecular 
weight product between membrane and solvent was evident when 
aerobic cells were extracted, suggesting that the extent of 
proteolipid solubility may be determined by the composition and 
structure of the membranes. 
Growth under anaerobic and micro-aerobic conditions 
has been shown to have substantial quantitative effects on 
mitochondrial protein synthesis (15). Nevertheless the solu-
bility of the mitochondrial protein products is comparable 
in both aerobic and micro-aerobic cells, but the nature of the 
extracted proteolipids is different, In micro-aerobic cells, 
the 16,000 dalton species is present at most, in small amounts 
in both extracts and residues. The major mitochondrial pro-
teolipid from these cells has a molecular weight of 14,000 
daltons and is soluble in both neutral and acidic chloroform-
methanol, 
The apparent molecular weights of the proteolipids 
identified in the present study, generally lie in the range 
12,00 0-16,000 daltons in agreement with the observations of 
Ebner and Schatz (4). These values are higher than those 
reported for rat liver (7) and for yeast (19), Moreover, it 
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is clear from the electrophoresis studies that solvent extrac -
tion causes a substantial depolymerization of the high molecu-
lar weight components of intact mitochondrial membranes. This 
is in agreement with the findings of Tzagoloff and coworkers 
(20). However, the apparent differences between our results 
and those of Tzagoloff and Aika (19) may be due in part to 
differences in the culture and labelling conditions and as such 
would emphasize the control exercised by the environment, 
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TABLE 1 
Recovery of protein and radioactivity in organic solvent extracts of mitochondrial 
membranes from glucose-limited aerobic and micro-aerobic cultures of S. cerevisiae 
Culture Conditions Labelling Conditions Solvent Extracts 
Oxygen Gluco ·se Oxygen Glucose Fraction a Total Total Specific (µM) (µM) (µM) (mM) Radioactivity Protein Radioactivity 
(counts per min) (mg) (counts per min 
per mg protein) 
I. Wild type, aerobic, derepressed 
30 <25 10 54 membranes 285,000 27 10,600 
methanol 10,700 0.2 53,700 
C:M 77,100 0.3 256,800 
C:M:HCl 38,500 1. 5 25,700 
residue 158,800 21 7,600 
II.Wild t~ micro-aerobic 
0.1 <25 0.2 54 membranes 72,500 7 10,400 
methanol 2,000 0.2 10,000 
C:M 14,400 0.25 57,600 
C:M:HCl 17,600 1. 7 10,400 
residue 36,000 4 9,000 
Mitochondrial membranes were labelled, isolated and extracted as described in the methods. The concentra -
tio n of 3H-leucine used to label mitochondria in cells from aerobic and micro-aerobic cultures was 2.5 µCi 
per ml and 10 µCi per ml respectively, 
(a ) C:M chloroform:methanol (2:1, v/v), C:M:HCl, acidic chloroform:methanol. Radi o a c t i v i ty and pr o t ein 
valu es indicate amounts extracted by the solvents. 
TABLE 2 
Recov e ry of protein and radioactivity in organic solvent extracts of mitochondrial membranes 
from glucose-repressed, aerobic cultures of S. cerevisiae and a petite mutant grown in aerobic, 
glucose-limited conditions 
Culture Conditions 
Oxyge n 
( µM ) 
Glucose 
(mM) 
Labelling Conditions 
Oxygen 
(µM) 
Glucose 
(mM) 
III . Wild type, aerobic, repressed 
30 110 10 780 
IV Petite 
100 <0.025 100 54 
Fraction 
membranes 
methanol 
C:M 
C:M:HCl 
residue 
membrane 
methanol 
C :M 
C:M:HCl 
residue 
Solvent Extracts 
Total 
Radioactivity 
(counts per min) 
374,300 
27,000 
254,200 
24,500 
6,400 
9,500 
7,600 
1 , 5 00 
-
-
Total 
Protein 
(mg) 
17. 5 
0.8 
0.8 
6. 9 
6.8 
7. 7 
0.6 
0.5 
0.7 
6. 0 
Specific 
Radioactivity 
(counts per min 
per mg protein) 
21,400 
33,800 
317,800 
3,6 00 
940 
1,200 
12,700 
3,000 
For explanation of abbreviations and methods refer to Table 1. The concentration of 3H-leucine used to 
label glucose-repressed cells was 5 µCi per ml, and in the case of petite cells it was 20 µCi per ml. 
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Fig, 1. Mitochondrial membranes from aerobic, glucose-
limited cells were labelled with 3H-leucine and extracted 
sequentially with organic solvents as described in the methods 
and in Table 1. The extracts were then analyzed on SDS-
acrylami de gels: (a) methanol extract (40 µg protein); 
(b) neutral chloroform:methanol extract (20 µg protein); 
(c) acidic chloroform:methanol extract (120 µg protein). The 
arrows in the figures indicate the position of the cytochrome 
c marker, The solid line represents the A650nm absorbance 
scan of the gel after staining with the dye coumassie blue. 
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Fig. 2. Mitochondrial membranes from cells grown in aerobic, 
glucose-limited conditions were labelled with 3H-leucine and 
sequentially extracted with organic solvents (Methods and 
Table 1). The residues remaining after each solvent extraction 
were analyzed on SDS-acrylamide gels: (a) untreated mitochon-
drial particles (200 µg protein); (b) residue remaining 
after methanol extraction (250 µg protein); (c) residue re-
maining after neutral chloroform:methanol extraction (150 µg 
protein); (d) residue remaini ng after acidified chloroform: 
methanol extraction (200 µg protein). The arrows in the 
fi gures indicate the position o f the cytochrome c marker. 
100_ 
I I 
mo! . wt. 68 43 
(c) 
I I 
23 14 
• 
..... 
I I I I I I I I 
20 40 60 80 
slice number 
Fig. 2, (continued) 
mol.wt. I I I 68 43 23 
400 
C 
.E 
I I I I L.. mot .wt . 68 43 23 14 (!) 
a. 
1/) 
.... 
C 
5 200 
u 
\..v.,...;A'" .. ~ 
20 40 
slice number 
I 
14 
L 
60 
(a) 
( b) 
80 
Fig.3. Mitochondrial membranes from cells grown in 
micro-aerobic, glucose-limited conditons were labelled with 
3H-leucine and sequentially extracted with organic solvents 
(Table 1 and Methods). The solvent extracts and the residues 
were analysed on SDS-acrylamide gels: (a) untreated mitochon-
drial membranes (350 mg protein); (b) residue after extrac-
tion with methanol (200 µg protein); (c) neutral chloroform: 
methanol extract (100 µg protein); (d) residue after neutral 
chloroform:methanol extraction (350 µg protein); (e) acidic 
chloroform:methanol extract (180 µg protein ); (f) residue 
after acidic chloroform:methanol extraction (100 µg protein), 
The arrows in the figures indicate the position of the cyto-
chrome c marker. 
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Fig. 4. Mitochondrial membranes from cells grown in 
glucose-repressed, aerobic continuous culture were labelled 
and extracted sequentially with organic solvents (refer to 
Methods and Table 2), The solvent extracts and the residues 
were analyzed on SDS-acrylamide gels: (a) untreated mitochon-
drial membranes (300 µg protein); (b) neutral chloroform: 
methanol extract (25 µg protein); (c) acidic chloroform: 
methanol extract (300 µg protein). The arrows in the figures 
indicate the position of the cytochrome c marker. 
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Fig, 5. Mitochondrial membranes from a petite mutant of 
S , cerevisiae grown in glucose-limited, aerobic culture, were 
labelled and extracted sequentially with organic solvents 
(refer to Methods and Table 2). The solvent extracts and the 
residues were analyzed on SDS-acrylamide gels: (a) untreated 
mitochondrial membranes (350 µg protein); (b) methanol 
extract (100 µg protein); (c) neutral chloroform:methanol 
extract (300 µg protein), The arrows in the figures indicate 
the position of the cytochrome c marker. 
MITOCHONDRIAL PROTEIN SYNTHESIS IN AEROBIC AND 
MICRO-AEROBIC CONTINUOUS CULTURES OF 
CANDIDA PARAPSILOSIS 
by P.J. ROGERS and P.R. STEWART 
Department of Developmental Biology, 
Research School of Biological Sciences, 
and 
Department of Biochemistry, 
School of General Studies, 
The Australian National University, 
Canberra, A.C.T, 2600, 
Australia, 
Arch. Mikrobiol. submitted (1974) 
136 
ABSTRACT 
Candida parapsiZosis grows oxidatively in aerobic 
conditions and fermentatively in micro-aerobic (0,2 µM 
137 
oxygen) continuous culture. The amount of unsaturated fatty 
acids and sterol in cells and mitochondria, and the aerobic 
cytochromes are decreased in micro-aerobic cultures. In 
aerobic cells mitochondrial protein synthesis accounts for 
the formation of more than one-third of the proteins of the 
organelles; in micro-aerobic cultures, this declines to 
five per cent. At the same time, minor but significant 
differences in the nature of the protein products formed 
by the mitochondrial system are evident in micro-aerobic and 
aerobic cells. 
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INTRODUCTION 
The biochemical basis of differences between facultative-
ly anaerobic and obligately aerobic eucaryotes is not clearly 
understood, Many proposals and suggestions have been made, 
and in general these range from differences in glycolytic 
capacity, to the involvement of oxygen in biosynthetic path-
ways, products of which cannot be replaced by external supple-
mentation. The available evidence is not yet sufficient to 
decide between these or other alternatives but resolution of 
the question may have a substantial importance in providing 
new insight into a range of related questions, including the 
nature of malignant transformation (Warburg et al., 1968), and 
determinants of the pathogenicity of opportunistic, dimorphic 
fungi (Austwick, 1972), 
Yeasts of the genus Candida, which includes pathogens 
exhibiting dimorphism, are obligately aerobic, petite nega-
tive and do not exhibit glucose repression of respiratory 
function (Bulder, 1964; De Deken, 1966; Tabak and Cooke, 
1968), Candida utilis will grow micro-aerobically (oxygen 
concentration less than one thousandth that of saturated 
medium), and under these conditions, the formation of unsa-
turated fatty acids is decreased (Babij, Moss and Ralph, 1969; 
Brown and Rose, 1969), The effect of lowered oxygen tension 
on cytochrome synthesis in Candida is less clear: 
Kellerman, Biggs and Linnane (1969) reported decreased syn-
thesis of mitochondrial cytochromes at low oxygen tension, 
whereas Moss, Rickard, Beech and Bush (1969) found increases 
under micro-aerobic conditions. 
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Nevertheless, these observations together indicate that 
the control of expression of the mitochondrial genome in 
Candida species may in some way be radically different to that 
in the facultatively anaerobic Saccharomyces species. In this 
communication we report an examination of aspects of mitochon-
drial protein synthesis in Candida parapsilosis. The experi-
ments were carried out with cells grown in oxygen- or 
glucose-limited continuous cultures to provide information 
which is directly comparable with data reported previously 
on Saccharomyces cerevisiae (Rogers and Stewart, 1973~,~). 
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METHODS 
ORGANISM AND CULTURE CO NDITI ONS 
The strain of C. parapsiZos i s used has been descr i bed 
before (Yu, Poulson and Stewart, 1972), Cultures were grown 
on semi-synthetic medium (Rogers and Stewart, 1973l) at 300 
in a CeCa (Gallenkamp, U.K.) continuous culture apparatus 
at pH 5,5, with control of dissolved oxygen concentration. 
Oxygen concentration was measured with a Mackereth-type oxygen 
electrode (Electronic Industries Limited, U.K.) which had 
been sterilized with ethylene oxide. The electrode was 
calibrated with air, and 0.5 per cent, l per cent and 20 per 
cent air in nitrogen gas mixtures, The dilution rate of the 
-1 cultures was 0.06 h , In the case of micro-aerobic cultures 
(0,2 µM oxygen) an atmosphere of nitrogen was maintained over 
the culture, so that oxygen available to the cells was 
restricted to that present in the input nutrient. 
RESPIRATION AND DRY WEIGHT MEASUREMENTS 
The cell mass in cultures was determined gravimetrically 
by filtering culture samples through glass-fibre filters and 
drying the discs overnight at 105°. 
Th~ potential respiration rate is defined as the max i mum 
respiration rate of cells resuspended in air-saturated, 50 mM 
potassium phosphate buffer (pH 7.0) containing 20 mM glucose, 
The actual respiration rate (Q 0 , mmoles o2 / g dry weight/h) 2 
and the specific carbon dioxide release (QCO , mmole co 2 /g 
2 
dry weight/h) of the steady-state cultures were calculated 
f rom the differences in the concentrations of oxygen and 
carbon dio~ide in the input and exit gases as previously 
described (Rogers and Stewart, 1973l), 
DISRUPTION OF CELLS 
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Cells were harvested onto ice, washed with ice cold water, 
resuspended in 0.5 M sorbitol, 10 mM Tris-chloride, 5 mM EDTA 
buffer (pH 7.0), mixed with an equal volume of glass beads, 
and disrupted in a Braun MSK homogenizer for 30 sec at o0 • 
A large particle fraction corresponding to mitochondria was 
prepared from the cell-free homogenate by centrifuging for 
20 min at 28,000 g. The particles were washed once in sorbitol 
buffer. 
ANALYTICAL METHODS 
Glucose and ethanol concentrations in cell-free culture 
filtrates, cytochrome concentrations and fatty acids and sterol 
contents of whole cells and subcellular fractions were 
determined as described previously (Gordon, Stewart and 
Clark-Walker, 1971; Rogers and Stewart, 1973~. 
In vivo measurement of mitochondrial protein synthesis 
the preparation of labelled mitochondrial membranes and 
polyacrylamide gel electrophoresis of the dissociated 
membrane proteins, were as reported elsewhere (Rogers and 
Stewart, 1974) except that 9.6 per cent polyacrylamide 
gels were prepared as described by Weber and Osborn (1969). 
RESULTS 
AEROBIC CULTURES 
When glucose-limited cultures were grown at 100 µM 
oxygen, the cell yield (YG, g cells/mole of glucose) was 
high and the respiratory quotient (QCO /Q ) was 1.1, 
2 °2 
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indicating oxidative metabolism (Table 1). Essentially all 
of the potential respiration (rate of oxygen consumption by 
cells resuspended in excess oxygen and 20 mM glucose) was 
cyanide sensitive, and no ethanol could be detected in the 
culture filtrate. When the culture medium contained 
chloramphenicol (9 mM) the cell yield declined only slightly, 
and changes in Q0 and QCO were small. Moreover, in these 2 2 
cells all of the potential respiration was insensitive to 
cyanide. 
Oxidative metabolism was not inhibited when cells were 
cultured in the presence of high concentrations of glucose 
(Table 1), as judged by the respiratory parameters, although 
a slight decrease in the cell yield occurred compared with 
aerobic cells. 
MICRO-AEROBIC CELLS 
When the steady-state oxygen concentration in the 
culture was decreased to 0.2 µM, the cell yield was low, 
the respiratory quotient was high, and ethanol accumulated in 
the culture filtrate (Table 1). b (mole ethanol/mole 
e 
glucose consumed) was lower than the predicted value for 
glycolysis, but the value of 1.6 for Geo (moles co 2 evolved/ 2 
mole glucose consumed) indicated that the metabolic mode of 
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the cells was fermentative and that products other t h an etha-
nol (probaly pyruvate and 2~oxoglutarate (Brown and Rose, 
1969) were being produced. In micro-aerobic cultures, as 
in chloramphenicol-treated cultures, cyanide-insensitive 
respiration developed, The reported development of 
alternative (cyanide-insensitive) respiratory pathways in 
batch-cultures of C. parapsilosis when the logarithmic growth 
phase ends (Yu and Stewart, 1974) may thus be a consequence 
of declining oxygen tension in the cultures as cell density 
and oxygen demand increase. Furthermore, the development 
of cyanide-insensitive respiration in cultures grown in the 
presence of chloramphenicol, euflavine or ethidium bromide 
(Table l; Kellerman et a~, 1969; Yu and Stewart, 1974) 
suggests that inhibition of mitochondrial development, as 
when antibiotics are present, or inhibition of normal mito-
chondrial function, as when oxygen concentration is decreased, 
both lead perhaps by similar mechanisms, to the development 
of alternative respiratory pathways, 
CYTOCHROME CONTENT OF CELLS 
Dithionite-reduced versus persulphate-oxidized difference 
spectra of cell-free homogenates from aerobic cells showed 
a-absorption bands at 605 nm, 562 nm and 550 nm which may b e 
assigned to cytochromes aa 3 , band c+c 1 respectively (Fig. 1), 
The cytochrome spectra of cell-free homogenates from micro-
aerobic cells were qualitatively similar to those of aerobic 
cells, but the concentrations of the cytochromes were 
s i gnificantly lower (Table 2), The content o f cytochrome b 
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was least affected in this respect. When cells were grown 
aerobically in the presence of chloramphenicol (Table 2) the 
content of the aerobic a and a-type cytochromes was similar 
to that seen in micro-aerobically cultured cells. The 
cytochrome b level was more affected in this case, in contrast 
to the situation reported in batch cultures by Kellerman 
et al. (1969). 
LIPID CONTENT OF MICRO-AEROBIC AND AEROBIC CELLS 
The total fatty acid content of cells decreased by about 
one-third when grown micro-aerobically (Table 3). The 
decline in unsaturated fatty acids was slightly greater; 
otherwise, differences in fatty acid composition between 
the two cell types was slight. 
The total fatty acid content of mitochondrial fractions 
from either cell type was similar, but differences occurred 
in the relative proportions of the fatty acids. In particular 
the amounts of fatty acids with elution times corresponding 
to c
16
:
2 
and c
17
:l were much higher in aerobic mitochondrial 
fractions, and the level of c10-c 16 saturated fatty acids 
and c
16
:l was greater in the micro-aerobic cells (Table 3). 
The ergosterol content of ether extracts of the saponi-
fied cells or mitochondria was not substantially different for 
aerobic and micro-aerobic cells (Table 3). 
MITOCHONDRIAL PROTEIN SYNTHESIS 
To determine the effect of growth at different oxygen 
tensions on mitochondrial protein synthesis, the relative con-
tribution of cytoplasmic and mitochondrial protein synthesi s 
to o r ga n e l le me mbr a n e p ro tein was measured in vivo in aerobic 
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and micro-aerobic cells, Cells were labelled in the presence 
and absence of antibiotic inhibitors of the two protein syn-
thesizing systems, and the incorporation of labelled amino 
acid into cytosol and mitochondrial protein was measured. 
Cycloheximide was used to inhibit cytoplasmic protein 
synthesis, and euflavine to inhibit mitochondrial protein 
synthesis. The latter was selected since in preliminary 
experiments erythromycin and chloramphenicol were found to 
inhibit amino acid uptake by cells, as reported for 
S. cerevisiae by Groot, Rouslin and Schatz (1972). Neither 
euflavine nor ethidium bromide, 
had this effect. 
at the concentrations used, 
Incorporation of labelled amino acid into mitochondrial 
protein is shown by the first experiment in Table 4. Cells 
which had been cultured aerobically, then labelled aerobically 
in the presence of cycloheximide incorporated radioactivity 
in significant amounts only into the particle fraction; the 
cytosol contained only traces of radioactivity compared wit h 
the mitochondria, This incorporation was inhibited by 93 per 
cent by euflavin, The relative contributions of the two 
protein synthesizing systems to the synthesis of mitochondrial 
protein may be determined from the incorporation into 
mitochondrial protein in the presence and absence of cyclo-
heximide. In aerobically cultured and labelled cells, the 
contribution of the mitochondrial system was 35 per cent 
(Table 4). On the other hand, if the labelling of aerobically 
cultured cells was carried out anaerobically, this value 
declined to about 16 per cent (Table 4) . In addit ion there 
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was a substantial decline in the degree of labelling of both 
mitochondrial and cytosol fractions in the absence of inhibi-
tors, indicating a general effect of anaerobiosis on both 
mitochondrial and cytoplasmic protein synthesis. Moreover, 
under these conditions euflavin inhibited mitochondrial 
incorporation by only 60 per cent. Likewise, the extent of 
inhibition of cytosol labelling by cycloheximide was not as 
effective as that seen in cells labelled under aerobic 
conditions. It would thus appear that in anaerobically 
incubated cells either cytoplasmic protein synthesis is less 
sensitive to cycloheximide or the uptake of this inhibitor 
by these cells is affected by anaerobiosis. Nevertheless, 
the estimate of the mitochondrial contribution to the synthe-
sis of organelle protein is a conservative one, and although 
the effect of anaerobiosis is not specific for this 
protein synthesizing system, its relative contribution is 
assumed to be about half that seen in aerobically incubated 
cells. 
Cells which have beencultured micro-aerobically, then 
labelled aerobically, show the clear-cut differences in 
labelling of mitochondrial and cytosol proteins characteristic 
of aerobically cultured and labelled cells described above 
(Table 4). In this case, however, there is a significant 
decline in the mitochondrial contribution to the synthesis 
of organelle protein, to approximately 10 per cent, Since 
these cell types were cultured at the same growth (dilution) 
rate to equalize cytoplasmic protein synthesis, there 
appears to be a specific effect of culture under mic ro-aerobic 
conditions on the activity of the mitochondrial protein 
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synthesizing system. 
Interpretation of the result obtained using cells cultured 
micro-aerobically, then labelled anaerobically, is beset by the 
same difficulties as noted earlier for aerobic cells labelled 
under anaerobic conditions. There appear to be generalized 
effects of anaerobic labelling conditions on incorporation 
of isotope into protein in both cellular compartments, and 
inhibition of cytoplasmic protein synthesis by cycloheximide 
appears to be incomplete. Nevertheless, a conservative 
estimate of mitochondrial contribution to the synthesis of 
organelle protein is approximately 5 per cent, again indicating 
a substantial effect of lowered oxygen tension on mitochondrial 
protein synthesis. 
GEL ELECTROPHORESIS OF PRODUCTS OF MITOCHONDRIAL PROTEIN 
SYNTHESIS 
(a) Cells cultured aerobically 
Electrophoreiis of the labelled polypeptides on sodium 
docecyl sulphate-polyacrylamide gels yielded four major peaks 
(Fig. 4a) corresponding to apparent molecular weights of 
17,000, 24,000, 38,000 and 75,000 daltons, together with 
heterogeneous material of 30-50,000 daltons. The electrophero-
gram was not significantly different when mitochondrial 
membranes from aerobic cells were labelled anaerobically. 
(b) Cells cultured micro-aerobically 
The specific radioactivity of mitochondrial membranes 
from micro-aerobic cells labelled anaerobically was too low 
to permit useful electrophoretic analysis (cf. Table 4). 
However, electrophoresis of mitochondrial membranes from 
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these cells, labelled aerobically, yielded a pattern of labe l 
distribution which was different in detail from that 
observed using aerobically cultured cells (Fig, 4b), The 
17,000 dalton component was absent and there was more hetero-
genous material of molecular weight 75,000 daltons and greater. 
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DISCUSSION 
The results presented in this communication indicate 
that the regulation by oxygen of the expression of the 
mitochondrial genome in C, parapsilosis and S. cerevisiae 
is not radically different, at least qualitatively. In most 
respects, the response of C, parapsilosis to micro-aerobic 
conditions was similar to that exhibited by S, cerevisiae 
cultured and examined under identical conditions (Rogers and 
Stewart, 1973, 1974), At low oxygen tension, actual respiration 
becomes negligible although cytochrome formation is only par-
tially affected, and the potential for respiratory activity 
remains significant; there is a partial decline in the con-
tent of unsaturated fatty acids and sterol in cells and 
mitochondria; the apparent activity of the mitochondrial 
protein synthesizing system and the relative contribution of 
this system to the synthesis of mitochondrial membrane protein, 
both decline, (The contribution of the mitochondrial system 
(35 per cent) is considerably higher in Candida than in 
Saccharomyces). And finally, there are minor but significant 
differences in the nature of the products synthesized by 
the mitochondrial ribosomes depending on the presence or 
absence of oxygen during cell culture. 
S. cerevisiae continues to grow at oxygen tensions 
which will not support growth of C. parapsilosis; the effects 
on lipid and protein synthesis and cytochrome formation at 
low oxygen concentrations are correspondingly greater in 
Saccharomyces . Cultures of C. parapsilosis will not 
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stabilize in the chemostat at oxygen concentrations below 
0,2 µM, At this oxygen concentration the effects on the 
parameters outlined above are generally similar for the 
two organisms (cf, Rogers and Stewart, 1973~). The failure 
of C, parapsiZosis to grow anaerobically under conditions 
of batch culture which support active growth of S, cerevisiae, 
must then be explained in terms of the oxygen concentration 
in these culture systems being less than the low, but critical 
value essential for the biosynthesis of critical components 
necessary for cell function (cf, Bulder, 1966). 
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TABLE l 
Physiological parameters of aerobic and micro-aerobic continuous cultures of C. parapsilosis 
Oxygen 
Conce n-
tration 
(µM) 
150(1) 
Glucose 
(mM) 
<0.05 
0.2< 2 ) <0.1 
120(1) <0.05 
130(3) 135 
Yield 
(g dry 
weight/ 
mole glucose) 
163 
20 
130 
140 
B • 
b 
e Res.E_iration 
(mole ethanol/ 
mole glucose) Potential Q0 QCO 2 2 
(mmole gas/g dry weight/h) 
A. Glucose-limited 
< 0. 01 3.6( 4)(<5) 1. 5 l. 6 5 
1. 5 0. 4 5 (93) < 0, 03 5. 2 
Glucose-limited+ CAP {9 mM} 
< 0. 01 3.2 (100) 1. 45 1. 8 
C. Excess Glucose 
0.01 4 .1 (<5) 1.4 1. 8 
RQ 
(Qco /Qo ) 
2 2 
1. l 
>158 
1. 25 
1. 3 
The concentration of glucose in the input nutrient was as follows: (1) 27 mM; (2) 16 mM; (3) 250 mM. 
(4) The figures in parenthesis give the percentage of the potential respiration insensitive to 1 mM 
potassium cyanide, 
TABLE 2 
Cytochrome content of cell-free homogenatesfrom 
aerobic and micro-aerobic cultures of C. parapsilosis 
Oxygen 
Concentration 
(µM) 
150 
0.2 
(nmole 
aa 3 
150 
106 
Cytochromes 
cytochrome/mg protein) 
b c+c1 
260 480 
220 200 
Plus chloramEhenicol 
(9 mM) 
120 110 170 250 
The steady-state glucose concentration in the cultures was 
<50 µM' 
TABLE 3 
Fatty acid a nd ergosterol content of cells and mitochondrial fractions from 
aerobic and micro-aerobic cultures of c. parapsiZosis 
·-· 
Oxyg en 
Fatty Acid Distribution (%)2 Cunc.ent ration Fatty Acid 
( µM ) Contentl ClO c12 c14 cl6 cl6:l c16:2 cl7:l els cl8:l c1s:2 cl8:3 Ergosterol 3 
- - ·- · 
,; '-' J ls 
-4- ·-·-
150 110 tr tr tr 8. 4 3.0 nd 2. l 1. 5 54 31 tr 1. 4 
0.2 75 nd nd nd 17.2 6 , 2 nd nd 3,l 43.5 30 tr 2. 0 
!·! i l o c h on d r i a 
150 415 tr tr tr 6.0 1 , 6 6.5 15.3 4 .1 33 32 1 . 5 12 
0.2 4!~ 0 l.5 1.5 8.6 17.2 9.2 tr tr 3 .o 30 29 tr 16 
Fatt y acid content: mg fatty acid/g dry weight cells; or µg ~atty acid/mg mitochondrial protein. 
7, Expresse d as weight percentage of total fatty acid content; _!_! indicates detection at levels less thnn 
1% of total; nd indicates not detected. The identification of c 16 : 2 and c 17 :l fatty acids is un c ertain 
because authentic standards for these are not available; 
these assignments. 
their elution positions are consistent with 
3 . Erg osterol content : mg ergosterol / g dry weight cells or µg/mg mitochondrial protein . 
TABLE 4 
The effect of oxygen on mitochondrial protein synthesis in micro~aerobic 
and aerobic continuous cultures of C, parapsilosis 
Continuo us Culture Labelling Incorporation into: 
Conditions Conditions Mitochondria Cytosol 
Mitochondrial 
Contribution 
to Synthesis 
of Mitochondrial 
Oxygen Glucose Oxygen Glucose Control1 CYC 2 CYC+EUF 3 Control 1 cyc2 CYC+EUF3 
(µM ) (mM) (µM) (mM) (counts/min/mg protein) 
15 0 o.os 10 54 9, l 00 3,210 
150 o.os 0,2 54 3,235 530 
0. 2 <O ,l so 54 11,542 1,125 
0. 2 < 0, 1 0.2 54 4,075 202 
1 Con , i n cor poration in the absence of inhibitor, 
2 CYC , cy cloheximide (100 µg/ml), 
3 EUF, euf l a vin (50 µg/ml). 
215 7,013 90 44 
205 1,500 105 97 
154 12,395 310 190 
76 1,190 53 47 
Protein 4 
(%) 
35 
16 
10 
5 
4 Calcu lated as proportion of inco r po rat ion i n to mitochondrial p r otein in pres en c e a n d a b senc e o f 
cycloheximide. 
510 550 590 
wavelength nm 
0-01 
OD 
630 
Fig, 1. Cytochrome difference spectra (dithionite-reduced 
versus persulphate-oxidized) of cell-free ·homogenates from 
cells grown at 150 µM oxygen (A) and at 0.2 µM oxygen (B). 
150 
.~ 100 
E 
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a. 
~ 
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8 
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( b) 
20 40 60 00 
slice number 
Fig. 2. Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis of labelled proteins from mitochondrial membranes of 
cells from aerobic and micro-aerobic cultures. Mitochondrial 
membranes from (a) aerobically cultured and labelled cells 
(250 µg protein; specific activity, 15,100 counts/min/mg 
protein) and (b) from micro-aerobic cells labelled aerobically 
(350 µg protein; specific activity, 7,920 counts/min/mg 
protein). The arrows indicate the position of the cytochrome 
c marker band. Numbers 1-4, correspond to molecular weights 
of 75,000, 38,000, 24,000 and 17,000 daltons respectively. 
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SUMMARY 
Mu cor genev ens is was grown in both glucose-limited and 
glucose-excess continu ous cultures over a range of dissolved 
oxygen concentrations (<0.1-25 µM) to determine the effects 
of glucose and the influence of metabolic mode (ferment a tive 
versus oxidative) o n d imorphic transformations in this organ-
ism. The extent of diff erentiation between yeast and mycelial 
phases has been correlated with physiological and biochemical 
parameters of the cultur e s . Under glucose limitation, 
oxidative metabolism increa sed a s the dissolved oxygen c o n-
centration increased, an d this paralleled the increase in the 
proportion of the mycelial phase in the cultures. 
Filamentous growt h and oxidative metabolism were both inhibited 
by glucose even though mitochondrial development was only 
slightly repressed. However, the presence of chloramphenico l 
in glucose-limited a erobic cultures inhibited mitochondrial 
respiratory developme nt but did not induce yeast-like growth , 
i ndicating that ox ida tive metabolism is not essential for 
mycelial development. Once mycelial cultures had been 
established under aerob ic, glucose-limited conditions sub-
sequent reversal to ana e r obic conditions or treatment with 
chloramphenicol caused only a limited r eversal (<35 per cent) 
to the yeast-like form . Glucose, however, induced a complete 
reversion to yeast-like form. It is concluded that glucose 
is the most important single culture factor determining 
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the morphological status o f Muco~ genevensis; mitochondrial 
developmental and t h e f u nctional oxidative capacities of the 
cell appear to be l ess important factors in the differentia-
tion process. 
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INTRODUCTION 
Fungi which exist in two morphological forms provide 
a useful system in which to study the biochemical basis of 
vegetative differentiation; the nature of the dimorphic 
change and its regulation have been the subject of much ex-
perimentation and speculation (for reviews, 1,2,3,18,22), 
Among species of fungi which are dimorphic, the genus Muc or 
has attracted considerable attention, It is known that for 
several species of this genus culture conditions which 
favour fermentation also promote yeast-like morphology, where-
as oxidative conditions promote mycelial development (5,9,13, 
22,23), 
In order to gain better insight into the molecular 
processes underlying the transformation from yeast-like to 
mycelial forms, a more precise understanding of the transition 
from fermentative to oxidative metabolism is required. 
Furthermore, the extent to which transformation between the 
two differentiated states is reversible would be most useful 
in determining the nature of the underlying biochemical 
events, in the same way that 'commitment' has been useful in 
an analysis of bacterial sporulation and slime mould aggrega-
tion and differentiation (6,21), 
An examination of the physiological regulation of 
differentiation in dimorphic fungi, and the reversibility of 
the mechanism involved would be most meaningful if carried 
) 
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out under conditions in which environmental parameters are 
controlled and maintained constant over long periods of time, 
Continuous culture in a chemostat provides these conditions, 
since a single parameter at a time can be varied, and each 
culture regime can be sustained so that the organism comes to 
effective equilibrium with its environment. By utilizing 
constant dilution rates, cells can be compared at constant 
growth rate, and the transition from and return to a basal 
condition can be achieved quite precisely. In batch cultures, 
by contrast, it is frequently difficult to distinguish between 
effects due to intrinsic changes in the gaseous environment, 
in the concentration of nutrients, and in the growth rate. 
In this communication we describe experiments with 
Mucor genevensis grown in continuous culture which relate 
quantitatively the extent of differentiation between yeast 
and mycelial phase with physiological and biochemical para-
meters reflecting the fermentative and oxidative capacities 
of the cell. In addition, it is shown that once rnycelial 
cultures are established under high aeration cond itions, 
subsequent reversal to yeast-like morphology can be achieved 
only by providing excess glucose in the medium; anaerobiosis 
results at the most in only a partial reversal if excess 
glucose is not present. 
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MATERIALS AND METHODS 
ORGANISM 
Muaor genevensis NRRL 1407 was maintained on 
cornmeal-agar slopes (Difeo Emerson's media) at 12C or 4C and 
transferred every eight weeks. Spores were harvested from 
these slopes as described previously (13). 
LIQUID CULTURE MEDIUM 
The nutrient used to maintain the chemostat cultures 
contained (per litre): 10-60 g glucose, 3.0 g (NH 4 ) 2 so 4 , 
1.0 g KH 2Po 4 , 0.5 g NaCl, 0.1 g CaC1 2 .2H 20, 2.0 g Mgso 4 .7H 20, 
5.4 mg ferric citrate.3H 2o, 5.0 g yeast extract (Difeo), and 
5 ml of a trace metal solution. The trace metal solution 
contained per 5 ml: 0.2 mg Cuso 4 .SH 2o, 0.5 mg KI, 0,5 mg 
ZnS0 4 .7H 20, 0.5 mg Na 2Moo 4 .2H 20, 0.5 mg Na 2B4o 7 ,lOH 20, and 
1.0 mg Mnso 4 .4H 20. 
CONTINUOUS CULTURE 
Cells were cultured in either a New Brunswick (U.S.A.) 
Microferm fermenter equipped with pH and dissolved oxygen 
controls, or in a Gallenkamp Controlled Environment Culture 
Apparatus (U.K.). Mackereth oxygen electrodes supplied by 
EIL (U.K,), or the autoclavable version p repared as described 
by Borkowski and Johnson (7)were used in these experiments. 
The EIL electrode was sterilized with a gas mixture containing 
ethylene oxide (Ster igas, Commonwealth Industrial Gases, 
Sydney), The electrodes were calibrated against solutions 
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equilibrated either with standard gas mixtures containing 
1 per cent or 5 per cent oxygen in nitrogen (Commonwealth 
Industrial Gases, Sydney), or with lower oxygen tensions pre-
pared by dilution of these gas mixtures with nitrogen u sing 
calibrated flowmeters (Roger Gilmont Instruments, U.S.A.). 
Dissolved carbon dioxide concentration was measured with a 
Radiometer (Copenhagen) carbon dioxide electrode, connect ed 
to a Radiometer pH meter PM26. This electrode was also 
sterilized with ethylene oxide. The chemostat was operated 
at a dilution rate of 0.06 h-l at 28C. Approximately 10 6 
spores were inoculated into the growth chamber, the cultu re 
was grown batch-wise overnight, and the continuous mode of 
operation was then commenced. 
Samples of cells were collected directly from the cul-
ture vessel, and weights determined after drying the samples 
at lOOC for 24 h. 
Potential respiration, which is the respiratory rate 
at saturating concentrations of oxygen, was measured using 
cells resuspended in 0.05 M potassium phosphate buffer (pH 
7.0) containing 0.02 M glucose; the oxygen exhaustion curve 
was recorded using a Yellow Springs Instruments oxygraph and 
a Clark-type oxygen electrode. The sensitivity of this respi-
ration to cyanide was measured by adding potassium cyanide 
(2 mM) after the glucose. Actual respiration (Q 0 , ml oxygen 2 
per g dry weight per h), is the rate of oxygen consumption 
under steady state conditions in the chemostat, and was 
determined by monitoring the oxygen concentration in both th e 
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inlet and outlet gas streams and from the difference calcula-
ting the respiration rate of the total culture (20), Carbon 
dioxide release (QCO , ml carbon dioxide per g dry weight per 
2 
h), the specific evolution of carbon dioxide in situ by 
chemostat culture, was measured using a similar gas balance 
technique (20). 
ETHANOL AND GLUCOSE DETERMINATIONS 
Ethanol in cell-free culture filtrates was determined 
using the assay kit supplied by Sigma, and glucose was 
estimated with the glucostat reagent (Worthington). The 
ethanol production by steady state cultures has been expressed 
in terms of b (moles of ethanol produced per mole of glucose 
e 
consumed). 
PREPARATION OF CELL FREE HOMOGENATES 
After washing with water and 0.9 M sorbitol, 10 mM 
tris (hydroxy methyl) amino methane (Tris) (pH 7.0), 5 mM 
dipotassium ethylenediamine tetraacetate (EDTA) at 2C, packed 
cells were resuspended in an equal volume of this buffer. 
An equal volume of glass beads was added to the cell suspen-
sion and the slurry shaken at top speed for 25 sec in a 
Braun MSK homogenizer, using carbon dioxide as a coolant. 
Cell debris and glass beads were removed by successive 
centrifugation at ~000 g and 2,500 g for 5 min at 2C . The 
activities of enzymes in these homogenates were assayed as 
s oon as practicable, 
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ENZYME ASSAYS 
The procedures for the assay of respiratory enzymes 
have been described previously (19,20). Isocitrate lyase 
(EC 4.1.3.1) and malate synthase (EC 4.1.3.2) were assayed 
by the methods of Dixon and Kornberg (10). Glycolate oxidase 
(EC 1.1.3.1) was assayed by the method of Feierabend and 
Beevers (12). 
Protein was determined by the method of Lowry, 
Rosebrough, Farr and Randall (16). 
CYTOCHROME SPECTRA 
Cytochromes were determined at 77K using a Cary 14R 
spectrophotometer fitted with a scattered-light transmission 
accessory. Cell-free homogenates were examined and the 
sample cuvette was reduced with either sodium succinate 
in the presence of potassium cyanide, or with dithionite. 
The reference cell was oxidized with a few grains of ammonium 
per sulphate. 
EXTRACTION OF FATTY ACIDS AND STEROLS 
The procedures used were those described by Gordon, 
Stewart and Clark-Walker (13). 
DETERMINATION OF YEAST-MYCELIUM RATIO 
The proportion of yeast-like cells in cultures was 
determined by differential filtration. To retain the 
mycelia, culture samples (not exceeding 30 mg dry weight) were 
first filtered through preweighed discs of nylon net 
(L.K.B. support net, code no. 0655). The mycelia caught on 
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the net were carefully resuspended in about 10 ml of water and 
refiltered through the net to ensure yemoval of the yeast cells. 
This washing was repeated three times. The yeast cells re-
maining in the filtrate were collected and washed on preweighed 
glass fibre filters (Whatman). Both the net and the glass 
fibre filters were then dried at 105C for 24 hand weighed. 
The effectiveness of the method in separating the two morpho-
logical types is illustrated in Fig, la,b. 
SUMMARY OF ABBREVIATIONS 
b : 
e 
µ: 
The following abbreviations have been used in the text: 
moles ethanol produced per mole of glucose consumed; 
moles carbon dioxide produced per mole of glucose 
consumed; 
specific carbon dioxide release, ml co 2 per g dry 
weight per h; 
actual resp ir ation rate, ml o2 per g dry weight per~ 
-1 dilution rate (= exponential growth rate), h . 
Potential respiration: respiration rate of isolated cells in 
saturating conditions of oxygen and 20 mM glucose. 
Respiratory quotient (RQ): 
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RESULTS 
PHYSIOLOGY OF GLUCOSE-LIMITED CULTURES 
The effects of oxygen on the energy metabolism and 
dimorphic transition of M. genevensis were studied in 
glucose-limited continuous cultures. As the dissolved oxygen 
concentration was increased from 0.1 to 12.5 µM, the morphol-
ogy changed from yeast-like to highly branched mycelial clumps 
(Fig, lc-f), The relative proportions by weight of mycelial 
and yeast-phase cells at different oxygen concentrations are 
shown in Fig. 2c, 
Concomitant with the change in morphology, there was 
a shift from fermentative to oxidative metabolism (Fig. 2a-d 
and Table 1). Under micro-aerobic conditions the cell yield 
was low but increased about five-fold as the oxygen concentra-
tion was raised to 15 µM. Ab value of 1.9 (moles of 
e 
ethanol produced per mole of glucose) was found for the most 
anaerobic cultures, and this ratio declined with increasing 
oxygen concentration so that in aerobic cultures ethanol was 
barely detectable. The actual respiration rate also increased 
with increasing oxygen tension while the respiratory quotient 
RQ (QC /Q 0 ) approached 1 as conditions generating maximum 0 2 2 
cell yield were approached (Fig. 2b,c). Dissolved carbon 
dioxide concentration at steady state in the cultures was 
found to decline slightly as the dissolved oxygen concentration 
was increased. Under micro-aerobic conditions the carbon 
dioxide concentration was 19 mM and this declined to 12.5 mM, 
when the dissolved oxygen concentration was raised to 15 µM, 
The increase in the actual oxygen consumption of the 
culture was somewhat less sensitive to environmental oxygen 
tension than was the increase in cell yield (Fig, 2a,b), 
The potential respiration rate on the other hand increased to 
a maximum at even lower oxygen concentrations than did cell 
yield (Fig, 2d), Furthermore, the apparent Km for oxygen 
as calculated from the exhaustion curves used to measure po-
tential respiration, increased as the oxygen concentration at 
wnich the cells were cultured was increased (Fig. 3). The 
cyanide-insensitive portion of the potential respiration 
rate (Fig. 2d) displayed a maximum value in cells grown at 
about 1.0 µM oxygen; at higher concentrations this pathway 
accounted for only minor amounts of respiration in these cells. 
RESPIRATORY ENZYME SYNTHESIS IN RESPONSE TO OXYGEN 
To determine which of the respiratory rates (actual or 
potential) most closely reflected the activity of the respir-
atory enzyme complexes in the cells, representative respira-
tory enzymes were assayed in cell-free homogenates. Cytochrome 
c oxidase, succinate-cytochrome c reductase and succinate 
dehydrogenase activities in cell-free homogenates were maximal 
in cells grown at 1.0 µM oxygen (Fig. 4); the activities of 
the latter two enzymes declined at higher oxygen concentrations. 
Catalase and cytochrome c peroxidase (enzymes associated with 
hydrogen peroxide decompos i tion) required higher concentra-
tions of oxygen for maximum development; neither showed any 
significant decline at the higher oxygen concentrations. 
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Isocitrate lyase activity was maximal in cells grown at 2.5 µM 
oxygen decreasing in cells grown at higher oxygen tensions, 
Malate synthase and glycolate oxidase could not be detected 
in cells grown under any of these conditions, although the 
presence of these enzymes can be readily demonstrated in 
Saaaharomyaes aerevisiae grown under similar conditions using 
the same assay procedures (20), 
Cytochrome formation in cells grown over a range of 
oxygen concentrations up to 25 µMis shown by the difference 
spectra of cell-free homogenates recorded at liquid nitrogen 
temperature (Fig, 5), In aerobic cultures absorption maxima 
occurred at 605 nm, 560 nm and 548 nm, corresponding to the 
a-bands of an a -type cytochrome, ab-type cytochrome and a 
a-type cytochrome respectively. Cells cultured micro-
aerobically (0.1 µM oxygen) lacked a recognizable 560 nm band 
but still contained a n absorption band at 548 nm, and signifi-
cant amounts of the a-type band, Additional bands were 
evident at 553 nm and 558 nm, and a shoulder occurred at 
approximately 546 nm, As the dissolved oxygen concentration 
increased, the 560 nm band appeared and could be resolved 
from the band at 558 nm, The inability to resolve a 553 nm 
band in aerobic cultures may be due to the masking effect of 
the strong absorption at 548 nm; asymmetry of the spectrum 
in the region of 553 nm is consistent with this possibility. 
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FATTY ACID COMPOSITION OF CELLS FROM GLUCOSE-LIMITED CU LTURES 
In chemostat cultures of S, cerevisiae, another 
facultatively anaerobic eucaryote, the development of mitochon-
drial respiratory complexes and other oxidative functions 
appears to be closely related to an increase in the amount 
and proportion of unsaturated fatty acids in the cells (19,20). 
The fatty acid composition of M. genevensis grown in 
glucose-limited conditions is shown in Table 2. The results 
show that as the oxygen concentration is increased the total 
fatty acid concentration increases and the proportion of satu-
rated fatty acids, both short and long chain decreases. The 
proportion of unsaturated fatty acids, particularly 18:2 and 
18:3, increases greatly; in fact, almost all of the increase 
in the amount of fatty acids seen in the more aerobic cells is 
accounted for as unsaturated fatty acids. 
EFFECT OF CHLORAMPHENICOL ON GLUCOSE-LIMITED CULTURES 
When chloramphenicol (9 mM) was present in aerobic 
cultures limited for glucose, culture parameters such as be, 
respiration and carbon dioxide evolution were very similar 
to those obtained for anaerobic cultures grown in the absence 
of the antibiotic (Table 1). The low potential respiration 
and its almost complete insensitivity to cyanide indicated 
that an inhibition of normal mitochondrial biogenesis had 
occurred. However, the morphology of these cultures was 
almost completely mycel i al and comparable with aerobic 
filamentous cultures grown in the absence of the drug 
( F ig. lf). 
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PHYSIOLOGY AND DIFFERENTIATION OF GLUCOSE-REPRESSED CELLS 
The concentration of glucose in the input nutrient was 
increased to 0.33 M so that glucose was no longer the rate-
limiting nutrient, Cultures were initially grown 
micro-aerobically (0.1 µM oxygen) from spores and consisted 
solely of yeast-phase cells, Continuous culture under this 
condition of anaerobiosis and excess glucose gave a low yield 
of cells per mole of glucose (Table 1), comparable to that 
obtained under glucose-limited conditions of micro-aerobic 
growth, Carbon dioxide evolution was high (Fig, 6b) and Geo 
2 
(moles CO 2 evolved per mole of glucose consumed) was calculated 
to be 0.9, compared with 1.6 for micro-aerobic, glucose-limited 
cultures. The actual respiration rate was very low, although 
potential respiration was half that found in glucose-
limited cultures. 
When the oxygen concentration was increased to 25 µM 
under excess glucose conditions, actual respiration remained 
low at about one-eighth of the potential respiration rate 
(Fig, 6b and c), Carbon dioxide evolution in these aerobic, 
excess glucose cultures was almost double the value 
obtained under anaerobic conditons (Fig. 6b) and Geo had 
2 
increased to 2.2, suggesting that all of the glucose was 
being metabolized glycolytically. Ethanol production 
decreased as conditions became more aerobic but b declined 
e 
only slightly, from 1.4 to 1.0 (Fig. 6a), In contrast with 
glucose-limited cultures the increase in potential respiration 
rate paralleled the increase in cell yield (Fig, 6a and c); 
the proportion of potential respiration insensitive to cyanide 
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showed a maximum in cells grown at 2,5 ~~ oxygen and thereafter 
declined. 
The difference spectra of glucose-repressed cells showed 
a decrease in absorption bands at 603 nm and 560 nm relative 
to cells grown at comparable oxygen concentrations but in the 
glucose-limited condition, The unsaturated fatty acid analy-
sis (Table 2) of these cells was almost identical to that of 
cells from glucose-limited cultures, Essentially similar 
results were obtained for aerobic mycelial cultures and 
yeast-like cultures induced aerobically with phenethyl 
alcohol (13), 
High glucose concentration repressed the development of 
mycelial forms in the cultures. At oxygen concentrations up 
to 75 µM, yeast-like morphology persisted in glucose repressed 
cultures, although certain differences were evident compared 
with glucose-limited conditions, Firstly, the cells were 
larger (Fig. 7a) than those observed in comparable experiments, 
under glucose-limited micro-aerobic conditions (30-80 nm cf. 
10-20 nm); secondly, after prolonged growth (14 days) at high 
glucose concentration lysis of some cells occurred (Fig. 7b), 
and an accumulation of cells bearing stunted mycelial projec-
tions was evident (Fig. 7c). 
THE REVERSIBILITY OF THE DIMORPHIC CHANGE 
The effects of micro-aerobic conditions (0.1 µM oxygen), 
excess glucose, and chloramphenicol on the morphology of 
steady-state, mycelial cultures were examined to test the 
reversibility of the dimorphic response. Mycelial cultures 
were generated and equilibrated at high oxygen concentrations 
170 
under glucose-limited conditions, The imposition of 
mi c ro-aerobic conditions o n these cu l tures did not cause com-
p lete reversion of the culture to yeast-like morphology even 
after 28 days, Approximately o ne-third of the culture con-
sisted of yeast - like cells; 
branch e d mycelia (Table 3). 
the remainder were highly-
Carbon dioxide evolution and 
ethanol concentration were hi gh and the oxygen consumption 
of the cultures was very low . Thus the reversibility was 
complete as judged by th e se metabolic parameters (cf, Table 1 
and Table 3); mo rpholo g ically, however, the reverse transi-
tion was incomplete. Ther e was no effect, even after 20 days 
on the proportion of the t wo morphologtcal ' forms in these 
micro-aerobic cultures when c arbon dioxide was substituted 
for nitrogen as the spargi n g gas. 
High glucose concentr at i ons, on the other hand, caused 
complete reversion of the myc elial cultures to yeast-like 
morphology. However, as sh own in Fig. 8c and d, the cells 
aggregated together to form c hara~teristic clusters. These 
are to be compared with the yeast-like cultures cultivated 
from spores in excess glucose (Fig, 8a,b), The physiolog i cal 
parameters (Table 3), were f ound to be generally similar to 
those just described for t he anaerobic, derepressed culture 
(Table 3), 
When chloramphenic o l was added to the cultures via the 
nutrient feed to give concentr ations of the antibiotic in the 
culture vessel of 12 mM, there was no significant reversion 
to single cell morphology when cultures were maintained at 
70 µM oxygen (Table 3), even after p rolo n ged g row t h (28 d a ys). 
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In most respects, the physiological parameters measured in 
these cultures were similar to the values found in anaerobic, 
derepressed cultures described in Tables 1 and 3. 
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DISCUSSION 
The experiments described in this communication were 
devised to examine, under conditi ons o f cont i nuous culture 
and thus constancy of environment , f i rstly, to what extent 
oxidative metabolism can be c orrelated with cellular morp holo-
gy in Mucor genevensis; sec o nd ly, whether under conditions 
of continuous culture the yeast / mould dimorphism exhibited by 
this organism is reversible. 
With regard to oxidative metabolism and morphology, two 
processes are responsive t o oxy gen. Firstly, o x ygen at 
low concentrations acts to initiate the development of the 
respiratory apparatus of the c e ll , Thus, at dissolved oxygen 
concentrations as low as 2. 0 µM t h e potent i al respiration of 
the cells is maximal. This re spiratory development occurs 
concomitantly with an increase i n activity of enzymes o f the 
mitochondrial respiratory chain, in particular cytochrome c 
oxidase. However, as judged by parameters such as cell y ield, 
ethanol concentration, actual re spiration rate, carbon diox i de 
release and respiratory quotien t , metabolism at 2 µM dissolved 
oxygen is essentially ferment a tive. This may be a consequence 
of the oxygen concentration under these conditions being 
insufficient to saturate the oxidase system (for which the 
apparent Km for oxygen is approximat e l y 2 µM in cells grown 
under micro-aerobic conditions ). 
Although at higher oxyg en concentrations there is no 
further change in cytochrome c oxi dase activity, the signifi-
cant decline in activity of other mit o c hondr i al enzymes is 
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similar to that seen in cer t ai n bacter i a, in which there i s 
apparently an optimal environmental ox ygen concentration f or 
the synthesis of the respiratory apparatus (25), This con-
trasts with the situation in other eu c aryotes such as yeast, 
where there is no decline in re spiratory activity or related 
enzymes once a saturating oxygen concentration is reached 
(15,17,20). 
The second effect of oxy g e n occurs at higher concen-
trations (5-10 µM). Both the r e l ative proportions of yeast 
and mycelial forms in the c u l ture and the development of 
respiratory metabolism ( as d i stinct from respiratory potential) 
change approximately in p a r a l lel in cells proceeding towards 
more aerobic conditions of g rowth, In t h is region of aeration, 
oxygen concentrations are s u ffi cient to saturate the oxidase 
system, and the increase in r espiratory quotient and cell 
yield, and the decline in eth a n ol concentration, are 
physiological manifestations of this and related changes i n 
these cells. 
There is evidence to s uggest that yeast extract 
promotes mycelial development, in some strains of M. ro uxii 
even under anaerobic conditions (1,14), This was not our 
experience with M. genevensis in liquid medium, In fact, 
excess yeast extract was adde d to the i npu t nutrient so that 
the growth of micro-aerobic cultures could be lim i ted by 
glucose, and not by anaerobic gr owth f actors (4,11). In the 
absence of yeast extract gr o wth wa s so slow that steady-state 
micro-aerobic cultures could n ot be es tablished. Although in 
gl u c ose-limit e d cultures, other essential nut rient s are in 
excess , s ub tle changes in the concentration of these and o the r 
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factors may occur during the transition to oxidative growth, 
and may contribute to the dimorphi c response, 
The results obtained from glucose-limited cultures 
provide a measure of the oxygen threshold for initiation of 
respiratory development, oxidative growth, and mycelial 
formation. However, if glucose i s not the rate-limiting 
nutrient, but is present in excess, the morphology change 
can be suppressed, As oxygen concentration is increased 
in excess glucose cultures, the potential respiration in-
creases and reaches a maximum of approximately 35 ml oxygen 
per g dry weight per h (cf, 66 under glucose-limited conditions), 
but the actual respiration rate is very low (5 units, cf, 68 
under glucose limitation), leading to incomplete metabolism of 
ethanol (Fig, 6). Thus at higher oxygen concentrations, 
although the cell yield increases there is little change from 
a fermentative mode of metabolism , These results indicate 
that mycelial development is not related to the . formation of 
mitochondrial respiratory enzymes per se but may be determined 
by the development of a functional oxidative mode in the cell 
as a whole, Alternatively, yeast -like development may be 
unrelated to oxidative metabolism, being determined by other 
biochemical events regulated by glucose and other metabolites. 
The latter alternative seems more likely in view of the fact 
that under glucose-limited conditions, chloramphenicol 
inhibits the development of functi onal oxidative capacity in 
the cells, but does not induce yeast-like morphology. 
After prolonged growth in aerobic conditions with 
glucose repression, some abnormal cells showing stunted hyphae 
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appear, and lysis of some c ells occurs . To account fo r t hi s 
lysis we have considered the re sults of Bartnicki~Garcia (3), 
who has recently reviewed hyph a l morphogenesis in fungi and 
has proposed a model to account f or ap i cal growth. 
Wall-lysing enzymes may be rel eased from vesicles, which are 
abundant at the tips of gr owi ng hyphae to loosen the structure 
of t he cell wall, and t o enable the subsequent extension of 
thi s wall under the directi on of specific synthetases. The 
autolysis observed in c ul t ures grown at high glucose concen-
trations may be caused b y an excessive accumulation of lytic 
enzymes, or by inhibition of the counteracting process of 
wall synthesis, Ethano l accumulation in the medium may be a 
cause of this cell lysis since Bartnicki-Garcia (3) has found 
that dilute ethanol soluti ons can cause bursting of hyphae in 
M. rouxii and has suggested t hat this is caused by the release 
of lytic enzymes in apical v e s i c l es. 
The second objective o f this study was to determine the 
morphologicalreversibility o f highly aerobic mycelial cultures 
under conditions which would f avour fermentative growth. It 
should be noted that yeast phase cultures grown fromspores 
were always used to initiate t h e continuous cultures. 
Development, therefore, was a lways in the same direction: 
towards the mycelial phase c haracteristic of more aerobic 
conditions, When cultures we re grown aerobically from spores, 
the resulting mycelial cultures f ailed to revert completely 
to yeast-like cultures when a naerobic conditions were imposed. 
Some formation of yeast-like ce l ls was evident, but the 
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cultures consisted predominant l y of br anched mycelia even a f ter 
20 generations under anaerobic conditions, Similarly, 
chloramphenicol had no effect on t he morphology of aerobically 
'committed' mycelial cells (T a bl e 3) even though mitochondr ia l 
function is eliminated under t h ese conditions. The metabol i sm 
in each of th e se cases as judged by the respiratory quotient 
and ethanol concentration in the medium was fermentative. 
Howeve r , high glucose concentrations, in addition to inhibiting 
oxidative growth, caused mo rphological reversion to yeast-like 
cells, which had a strong tendency to form clumps, We conclude 
from these observations t hat glucose plays a major role in 
determining the morphologi c a l status of M. genevensis. 
The mechanism by which glucose may regulate morphogene-
sis in Muoor is not immedi a t e l y evident. Although glucose 
does not repress mitochondrial development (as shown by 
measurement of poten tial respir ation ) in this organism, it 
does affect the oxidative cap a city (actual respiration, and 
ethanol and carbon dioxide pr oduction) of the cells. To this 
extent, glucose thus may ca u s e general yet subtle metabolic 
shifts similar to those pr o p osed by Wright (26) as underlying 
differentiation in the slime moulds. Other possibilities 
which should also be conside r ed include: effects on the 
concentrati o n of key regul ation molecules such as cyclic 
3' ,5'-adenosine mo n ophospha te (24); c hanges in the relative 
proportions and content of redu ced adenine nucleotides (8); 
and differential effects on th e activities of different 
pathways generating the build i ng-blocks for cell-wall 
synthesis. 
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TABLE 1 
Physiological parameters of continuous cultures of M. genevensis 
b Respiration 
Steady-state Yield e 
Conditions (mg dry (moles Potential Qo Qco 
weight per ethanol per 2 2 
Oxygen Glucose mmole mole 
( µ M) (mM) glucose) glucose (ml gas per g dry weight per h) 
A. Glucose-limite d 
0. 1 < 0.025 20 1.9 13 (50)a < 2 104 
15 < 0.025 227 0. 01 67 (2) 68 72 
B. G 1 uc o s e-1 imi t ed + Chlo ram.E.b_eni c Q__l _(9_ mM i n c \l_ lt_ Ul'."_ e ) 
20 < 0.025 56 1. 5 7 (85) < 2 120 
C . Glucose-reEressed 
0.1 215 14 1. 4 13 ( 5 0) <2 83 
12 105 19 1. 0 34 (3) 5 156 
The concentration of glucose in the input nutrient was 25 mM for glucose-limited 
c ultures, 340 mM for glucose-r ep ressed cultures. 
(a) Potential respirati on insensitive to cyan ide ( % ) • 
TABLE 2 
Fatty acid contents of M. genevensis as a function of dissolved oxygen concentration 
Glucose Oxygen Total Fatty Acid Distribution 
Concent ration Concentration Fatty Acid (weight%) 
(mM) (µM) (mg per g dry wt,) 
c10-c14 c16-c18 cl8:l 18:2 18: 3 
0.025 Anaerobic 25 25,5 47.3 2 7. 2 
0.025 1. 25 36 26.8 20.5 54.2 
0.025 2.8 70 21. 5 7. 8 70.7 
0.025 5 65 4. 7 7 , 7 8 7. 6 
0.025 20 78 4. 5 19. 4 7 6. 1 
120 25 101 4. 8 1 9. 7 75.5 
(a) 
Distribution of Individual Fatty Acids Oxygen 
Concent ration (µM) (weight %) 
10:0 12: 0 1 2: 1 14: 0 16:0 16:1 17:0 1 7 : l 18:0 18:1 18:2 18:3 
0.2 1. 5 11 tr 13 44 7 . 2 1. 2 tr 2.2 19 0.8 tr 
1. 25 4.4 2. 1 tr 21 16 7 . 1 1. 7 2. 1 4.3 33 9. 7 2. 1 
2.8 3. 1 7. 4 tr 1 1 6. 7 17 0.5 1. 9 0.6 34 1 2 5 . 7 
5 1. 4 2.7 tr 0.6 5.5 20 0.5 tr 0.7 48 1 7 1 . 8 
20 tr 0.5 tr 4 18 14 tr tr 1. 6 30 19 11 
25 0.8 1 .- 2 tr 3.3 1 7 14 tr tr 1. 8 32 18 1 1 
(a) Relates to cell types shown in upper half of table 
(b) tr: fatty acid detectable in amounts less than 0.5% by weight of total. 
TABLE 3 
Morphological reversibility: the effects of anaerobiosis, glucose concentration 
and chloramphenicol on the metabolism and morphology of established 
mycelial cultures 
Yield b Respiration Steady-state e 
Conditions (mg dry (moles Potential Qo 
weight per ethanol per 2 Oxyge n Glucose mmole mole ( µM ) (mM) glucose) glucose (ml gas per g dry weight per 
A . 0. 1 <0.025 51 1. 8 15 <2 
B . 70 220 40 l. 5 17 5 
C . 70 + < 0.025 58 1. 6 10 5 
ch loram-
phe nicol (12 mM) 
Qco 
2 (a\east/yeast + 
myc el ia 
h) (%) 
120 32 
110 98 
95 9 
Th e mycelial cultures were first established by growing M. genevensis under aerobic conditions (25 ]J M 
oxyg en) in glucose-limited cultures before imposing the conditions described in this table. 
The input nutrient contained 55 mM glucose (A and C) and 330 mM glucose (B). 
(a) The dimorphic ratio is expressed as the percentage by weight of the yeast phase compared to 
the sum of yeast and mycelial phases. 

Fig, la,b, Yeast-like and mycelial phases separated by 
differential filtration, Photomicrographs (a) and (b) 
illustrate the effectiveness of the enrichment of the two 
morphological types using this technique. The original 
culture was grown at 2.5 µM dissolved oxygen concentration. 
(c)-(f), The effect of dissolved oxygen concentration on the 
morphology of glucose-limited continuous cultures grown: 
(c) at 0.1 µM oxygen, (d) at 2 µM oxygen, (e) at 4,5 µM 
oxygen, (f) at 12.5 µM oxygen, The bar represents 50 nm, 
Fig. 2. 
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a cell bursting. (c) shows cells bearing stunted mycelial 
projections, The bar represents 50 nm, 
-
J. 
,_. 
0 
0 
a, 
• 9 
/ 
a ® 0 
0 
0 0 
-
0 
~o 
~ 0 
b 
0 ~ 
0 
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cultures grown initially from spores and then continuously 
at high glucose steady states. (c) and (d) are micrographs 
of cultures obtained by subjecting previously glucose-limited 
aerobic mycelial cultures to high glucose concentrations 
(120 mM). The arrows in (b) indicate cell rupture similar 
to the sort noted in Fig, 8 (b). 
-181 
CHAPTER 5 
--- .... 
5 .1 • Summary 
The results presented in the preceding chapters are 
briefly reviewed below: 
Chapter 2 
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The induction of both the mitochondrial respiratory 
pathway and the anaplerotic glyoxylate shunt in response to 
oxygen tension have been studied, The efficiency of the 
coupling between catabolic energy generation and the biosyn-
thesis of cell mass has been determined using continuous 
culture methods. This study has been integrated with experi-
ments to determine the energetic cost to the cell of highly 
organized respiratory structures. 
2 .1. The sensitivity of respiratory development in 
Saccharomyces cerevisiae to dissolved oxygen concentration 
(anaerobic to 3.5 µM) was studied in batch cultures. 
Respiratory development was assayed by measuring the levels 
of the aerobic cytochromes, aa 3 , b and c+c 1 , the activity of 
the respiratory enzyme complexes, and the cellular content of 
the unsaturated fatty acids and ergosterol. The development 
of the mitochondrial respiratory complexes in response to 
oxygen suggests that there is a differential rather than a 
co-ordinate synthesis of the particulate cytochromes and 
respiratory complexes on the one hand and the mobile electron 
carriers and accessory enzymes such as ubiquinone and 
cytochrome con the other. 
2.2 In steady-state cultures of Saccharomyces cerevisiae 
the formation of succinate dehydrogenase and succinate cyto-
chrome c r e ductase is more sensitive to dissolved oxygen 
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concentration in the medium compared to cytochrome c oxidase. 
This is reflected by the greater amounts of the particulate 
cytochromes b and c 1 compared to cytochromes aa 3 and cat the 
more anaerobic conditions tested. A first priority in mem-
brane development for the tightly bound cytochromes is 
suggested. The relationship between mitochondrial development 
and the development of the glyoxylate shunt in response to 
oxygen has been studied in continuous cultures of 
Saccharomyces cerevisiae. At low oxygen concentrations (<0,5 
µM oxygen) the development of the mitochondrial respiratory 
complexes is highly sensitive to dissolved oxygen even though 
the metabolism is essentially fermentative. A shift to 
oxidative growth occurs when the oxygen concentration is 
increased; the apparent oxygen Km for the development of the 
respiratory complexes is 0,2 µM. The increase in oxidative 
metabolism at increased oxygen concentration is related to 
the development of a functional glyoxylate cycle. Synthesis 
of the peroxisomal enzymes, including those of the glyoxylate 
shunt occurs at significantly higher dissolved oxygen concen-
tration than that of the mitochondrial respiratory enzymes. 
2,3 Micro-aerobic (0,2 µM oxygen) and aerobic, glucose-
limited cells have been examined for peroxisomal content by 
cytochemical electron microscopy, Characteristic mitochondria 
with well defined cristae are evident in both cell types, but 
discrete, single membraned microbodies containing catalase 
(peroxisomes) were not observed, 
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2,4 The efficiency of utilizing ATP for cell growth, and the 
energetic cost to the cell of highly differentiated mito-
chondria has been determined for aerobic and micro-aerobic 
cultures of Saccharomyces cerevisiae and Candida parapsilosis, 
Values of YATP ( g dry weight per mole ATP) for the two 
yeasts are similar and close to the value described by 
Bauchop and Elsden (1960), 
The efficiency of substrate utilization is greater for 
Candida parapsiZosis since its P/0 ratio is 1,8 in glucose-
limited cultures compared to l for Saccharomyces cerevisiae 
under the same conditions, The maintenance energy coeffici-
ents (mATP' moles ATP per g dry weight cells per h) of 
aerobic cultures are greater than the corresponding values 
for micro-aerobic cells, A petite mutant of Saccharomyces 
cerevisiae grown aerobically or micro-aerobically has a lower 
maintenance energy requirement, intermediate between aerobic 
and micro-aerobic, wild-type cultures, The large maintenance 
energy coefficient of aerobic cells most likely reflects the 
energy requirement for the upkeep of the mitochondrial 
respiratory complexes. 
Chapter 3 
The products of both the cytoplasmic and the mitochon-
drial protein synthesizing systems are required for the 
assembly of mitochondrial enzyme complexes in Saccharomyces 
cerevisiae. This study has sought to determine the effects 
of oxygen and glucose on mitochondrial protein synthesis, in 
Saccharomyces cerevisiae and Candida parapsiZosis. 
- .. 
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3.1 The regulation of mitochondrial protein synthesis by 
oxygen and glucose was determined from in vivo labelling 
studies of glucose-limited and glucose-repressed cultures of 
Saccharomyces cerevisiae, grown over a wide range of dissolved 
oxygen concentration, Mitochondrial protein synthesizing 
activity (and oligomycin-sensitive ATPase activity) declines 
as the oxygen concentration decreases but is active in all 
but the most anaerobic cultures (<0,05 µM); similarly the 
accumulation of oligomycin-insensitive ATPase activity occurs 
only in the latter cells. The decline in mitochondrial 
protein synthesis parallels the decline in the cellular lipid 
content. Mitochondrial protein products were characterized 
by gel electrophoresis under dissociating conditions. 
Oxygen-limitation and excess glucose repress the synthesis of 
specific polypeptides, This effect cannot be explained solely 
by energy limitation or altered membrane composition, but may 
be due to an effect on the rate of protein synthesis. 
3.2 Mitochondrial protein products of Saccharomyces 
cerevisiae were characterized by their solubility in organic 
solvents. In glucose-limited aerobic (100 µM oxygen) and 
micro-aerobic cells (0.2 µM oxygen), about 45 per cent of the 
total mitochondrial products are soluble in organic solvents. 
In contrast almost all of the mitochondrial products are 
extracted from glucose-repressed mitochondria. Only trace 
amounts of labelled product can be solubilized from mitochon-
drial membranes of a petite mutant. Hydrophobic proteins 
from wild-type mitochondria were characterized by polyacryla-
mide gel electrophoresis under dissociating conditions, The 
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major proteolipids have apparent molecular weights of 12,000, 
14,000 and 16,000 daltons, The relative proportions of these 
species in mitochondrial membranes depends on the prior culture 
and labelling conditions, 
3.3 The effects of oxygen on mitochondrial protein synthesis 
in glucose-limited cultures of Candida parapsilosis were 
determined from in vivo labelling studies, Candida 
parapsilosis grows micro-aerobically (0,2 µM oxygen) by 
fermentation or aerobically by oxidation, At low oxygen 
concentration (0,2 µM) mitochondrial protein synthesis is 
almost completely inhibited whereas cytochrome and lipid 
content are only partially repressed compared to the levels 
in aerobic cultures, At the same time, minor but significant 
differences in the nature of the protein products formed by 
the mitochondrial system are evident in micro-aerobic and 
aerobic cells. 
Chapter 4 
The environmental factors regulating the dimorphic 
response of Mucor genevensis have been studied in chemostat 
cultures. Under glucose-limitation, oxidative metabolism 
increases as the dissolved oxygen concentration is raised and 
this parallels the increase in the proportion of the mycelial 
phase in the cultures. Filamentous growth and oxidative 
metabolism are both inhibited by glucose even though mito-
chondrial respiratory development is only slightly repressed. 
However, chloramphenicol inhibits mitochondrial respiratory 
development in glucose-limited cultures but does not induce 
yeas t-l ike growt h i n dica tin g that oxidat i ve metabolism is not 
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essential for mycelial development, Once filamentous cultures 
are established under aerobic, glucose-limited conditions 
subsequent anaerobiosis or treatment with chloramphenicol 
induces only a limited reversal to the yeast-like form. 
Glucose, however, causes a complete reversion to yeast-like 
morphology, and appears to be the most important single, 
cultural factor determining the morphology of Mucor genevensis. 
5.2 Concluding remarks 
Tne basic findings of this study have been summarized 
in the previous section. Questions that remain to be 
resolved and possible future developments are considered 
below. 
1. In glucose-limited cultures of Baccharomyces cerevisiae 
oxygen induced the differential synthesis of the glyoxylate 
cycle enzymes and the mitochondrial respiratory complexes. 
How~ver, an integrated pattern of development occurred when 
cells were grown on ethanol over a similar range of oxygen 
concentration. In glucose-limited cultures at low oxygen 
tensions repression of the glyoxylate cycle enzymes by intra-
cellular carbohydrate may be important. Preliminary observa-
tions I have made suggest that the cellular carbohydrate 
concentration increases as the dissolved oxygen level declines. 
2. Oxygen and glucose regulate mitochondrial protein synthe-
sis in yeast. Mason and Schatz (1973) showed that the 
synthesis of certain protein components of cytochrome 
oxidase is inhibited when aerobic yeast cells are made 
anaerobic, Using immunological techniques to identify 
mitochondrial protein products such as ATPase and cytochrome 
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oxidase, a more specific identification and characterization 
of effects of oxygen on mitochondrial translation in equili-
brated cultures could be made, 
3. Proteolipids may be the major products of the yeast 
mitochondrial protein synthesizing system, Tzagoloff and 
co-workers (Tzagoloff and Akai, 1972; Rubin et al., 1 9 7 3 ; 
Sierra and Tzagoloff, 1973) have purified a mitochondrial 
proteolipid that has a molecular weight of about 9000 
daltons and is extremely hydrophobic, The purification of 
the proteolipids reported in this study and the determination 
of their amino acid composition would allow a more meaningful 
comparison between the two sets of data. Molecular weights 
have usually been assigned to proteolipids on the basis of 
their electrophoretic mobility relative to that of character-
ized soluble proteins. However, these two classes of proteins 
are only comparable provided their free electrophoretic 
mobilities are the same. This implies that proteins of the 
same molecular weight assume identical configurations in the 
presence of sodium dodecyl sulphate, and bind the same amount 
of detergent. Furthermore, the amount of bound SDS must 
be proportional to the molecular weight. The free mobility 
can be readily determined by plotting the observed mobility 
versus the acrylamide concentration and extrapolating to zero 
concentration. 
4. A causal relationship between the inhibition of mito-
chondrial protein synthesis and the induction of the cyanide 
insensitive respiratory pathway in Candida parapsilosis is 
apparent, In batch culture studies (Yu and Stewart, 1974) 
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and in continuous culture, cell yield was only slightly 
inhibited by chloramphenicol, yet the respiration was com-
pletely insensitive to cyanide. These observations do not 
appear to be consistent with conventional ideas of phosphory-
lation coupled to respiration through a membrane bound 
ATPase. The efficiency of ATP generation (P/0) in these 
cultures could be calculated by applying the method of von 
Meyenburg (1969) to oxygen-limited cultures. At low dilution 
rates the oxygen concentration will be very low and the meta-
bolism fermentative. At faster growth (dilution) rates the 
concentration of the limiting substrate, oxygen, will 
increase and growth should be more oxidatve. Such a metabolic 
transition would enable the efficiency of oxidative phosphory-
lation to be determined for both the cyanide-sensitive and 
the cyanide-insensitive respiratory pathways. This data could 
be correlated with the effects of chloramphenicol on the 
activity of the mitochondrial, membrane-bound ATPase. 
5. Little is known about the effects of oxygen on mitochon-
drial gene expression at the molecular level. Whether the 
effects of oxygen are mediated indirectly via effects on the 
concentration of small molecules such as cyclic 3' ,5' adeno-
sine monophosphate (cAMP), as occurs during the expression 
of the lac operon in bacterial systems, is not known. 
However, the synthesis of new messengers in response to 
oxygen may be detected using a cell-free system to translate 
the new information (cf. Scragg and Thomas, 1973). 
Immunological methods could be used to identify the protein 
products. Closed-circular DNA that is nuclear in origin 
may be isolated from mitochondrial fractions of 
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Saccharomyces cerevisiae (Clark-Walker, i972). Equilibrium 
centrifugation of DNA preparations in cesium chloride-ethidium 
bromide gradients enables a separation of covalently-linked, 
circular DNA from nicked circles or linear DNA because 
the closed-circular DNA binds less dye. In association with 
Dr. G.D. Clark-Walker a study was initiated to relate the 
appearance of this DNA species with a possible function in 
yeast metabolism. At present it appears that this DNA is 
either absent from or significantly reduced in amount in 
cells from glucose-limited cultures that are grown at oxygen 
concentration below 0.2 µM. 
6. Both glucose and oxygen affect the dimorphic response 
of Mucor genevensis. This dimorphic conversion is not 
dependent on oxidative metabolism. Control might be 
exercised by changes in both enzyme activity and the concen-
tration of initial substrates, as occurs during differentia-
tion in the slime mould, Dictyostelium discoideum (Wright, 
1973). An alternative experimental approach might be the 
use of morphology mutants to study the importance of various 
biochemical events. For example, Storck and Morrill (1971) 
isolated a respiratory deficient mutant of Mucor 
bacilliformis that had also lost the ability to form hyphae. 
Spores of Mucor genevensis are usually uninucleate or dicaryon 
and would probably be suitable for the generation and isolation 
of morphology mutants, 
Another approach would be to study the role of cAMP in 
the dimorphic response. cAMP appears to reverse glucose 
repression of respiratory development (Fang and Butow, 1970) 
and sporulation (Tsuboi et al, 1972) in yeast; in Mucor the 
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inhibitory effect of glucose on mycelial growth may be medi-
ated by intracellular concentrations of this effector. 
Theophylline and caffeine, inhibitors of cyclic 
AMP-phosphodiesterase could be used in continuous culture 
studies to test the importance of cAMP on the dimorphic 
response. After prolonged filamentous growth, Mucor 
genevensis can only be returned to yeast-like morphology by 
elevated glucose concentrations. Whether micro-aerobic 
cultures that show limited mycelial development exhibit the 
same resistance to yeast-like morphology is not known. It is 
possible that a developmental 'point of no return' similar 
to the phenomenon in sporulating bacterial systems could also 
operate in this organism. 
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APPENDIX 
A. l Continuous culture theory 
In a continuous culture arrangement fresh nutrient 
medium is fed into the culture at a constant flow rate, F. 
The culture vessel is equipped with a device such as an over-
flow tube which keeps the volume at a constant value, V. The 
ratio F/V is called the dilution rate, D. A steady state, in 
which the cell concentration as well as the concentrations of 
all substrate components and products of metabolism remain 
constant, is obtained, when the exponential growth rate,µ, 
equals the dilution rate, D. The steady state adjusts itself 
for every dilution rate smaller than the maximal growth rate 
of the organisms, The general theory of continuous cultures, 
established by Monod (1950), Novick and Szilard (1950) and 
Herber t e t a Z. ( 1 9 5 6 ) , i s b a s e d on th e f o 11 owing as sump t ions : 
Growth conditions 
(a) The medium contains all components in excess with 
the exception of one single component, which is the 
growth limiting factor. 
(b) The culture is ideally mixed. 
Organisms 
(c) The relationship between the exponential growth rate , 
and the concentration, s, of the growth limiting 
substrate is expressed by an equation of the 
Michaelis-Menten type: 
µ (1) 
where µmis the maximal growth rate and Ks the 
Michaelis constant, which is equal to the substrate 
concentration when µ = µ /2. 
m 
(d) The specific cell y i eld, Y (numb e r o f cells f orme d 
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per mole of the limiting substrate), is a constant. 
To describe the steady state values of the cell con-
centration, N, and the concentration of the limiting substrate, 
s, as functions of the dilution rate Herbert et al. (1956) des-
cribed the following equations: 
N (D) y Go K 
D n) = - s µ -
m 
(2) 
(D) K D s = 
s µ - D 
m 
(3) 
wheres is the concentration of the limiting substrate in the 
0 
inflowing medium. 
In living cells energy is required not only for build-
ing up new cell material, but also for maintaining the unstable 
cell structures (maintenance energy). Pirt (1965) suggested 
that the requirement for maintenance energy per cell is pro-
portional to the cultivation time. This means that condition 
(d), which assumes that the cell yield, Y, is independent of 
the growth rate, is not valid, if the growth limiting factor 
is the energy source of the cells. Taking into account the 
mainte~ance requirement Pirt (1965) developed the following 
relationship between Y andµ: 
1 
y 
m 
µ + 
1 
Y' 
(4) 
where m and t 1 are constants, called the 'maintenance energy 
coefficient' and the 'true cell yield' respectively. The 
maintenance coefficient, m, gives the amount of substrate used 
per cell and per unit time for maintenance purposes, The true 
cell yield represents the observed cell yield corrected for 
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substrate consumption in maintenance metabolism. 
By introducing the rate of energy substrate utilization 
per cell, cr = µ/Y, according to Schultze and Lipe (1964) Eq, 
(4) may be rearranged to give: 
cr = ....l:!.... m + Y' (5) 
For steady state growth in continous cultureµ can be 
replaced by D. If m and Y' are constants, the plot cr versus 
D will be a straight line with the slope 1/Y' and the inter-
cept m. 
If the limiting substrate is the energy source, the 
influence of maintenance energy is considered by replacing 
assumption (d) by Eq. (4). Introducing this relationship into 
Eq. (2) we get the dependence of the steady state cell concentra-
tion, N, from the dilution rate, D, for energy limitation: 
N (D) = DY' 
mY 1 + D K s 
D 
µ -
m 
(6) 
In many cases the concentration of the metabolic 
end-products, P, is proportional to the turnover of limiting 
substrate: 
dP 
dt = 
-b~ 
dt 
(7) 
The proportionality factor, b, indicates the product 
yield (moles of product formed per mo l e of substrate), 
Accordingly the steady state concentration of metabolic 
products in continuous culture is given by 
p (D) = b[s
0 
- s (D)] (8) 
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A, 2 Continuous culture apparatus 
Cells were cultured in either a New Brunswick Microferm 
fermenter equipped with pH and dissolved oxygen control 
accessories, or in a Gallenkamp Controlled Environment Culture 
Apparatus (CeCa), 
A,2,1 pH control 
In both systems provision was made to control pH of 
the culture automatically by the addition of 2M NaOH. 
A,2,2 Dissolved oxygen measurement 
Mackereth oxygen electrodes supplied by EIL (U.K,), or 
the autoclavable version constructed as described by Borkowski 
and Johnson (1967) were used in conjunction with the Ceca and 
microferm oxygen controllers respectively, The EIL electrode 
was sterilized with a gas mixture containing ethylene oxide 
(Sterigas, Commonwealth Industrial Gases, Sydney). The elec-
trodes were calibrated against solutions equilibrated either 
with standard gas mixtures containing 1 per cent oxygen in 
nitrogen and 5 per cent oxygen in nitrogen (Commonwealth 
Industrial Gases, Sydney), or with lower oxygen tensions 
prepared by dilution of these gas mixtures with nitrogen using 
calibrated flowmeters (Roger Gilmont Instruments, N.Y.). 
A. 2.3 Dissolved carbon dioxide measurement 
Dissolved carbon dioxide concentration was measured 
with a Radiometer (Copenhagen) carbon dioxide electrode, 
connected to a Radiometer pH meter PM26 (Copenhagen). This 
electrode was sterilized with ethylene oxide. 
A. 2. 4 Determination of oxygen uptake and carbon dioxide 
release 
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The oxygen uptake coefficients (Q 0 ) and carbon dioxide 2 
release(QCO) may be determined from measurements made on the 
2 
gases entering and leaving the culture vessel during steady 
state operation. 
The concentration of oxygen and carbon dioxide in the 
exit gas was measured by determining the concentration of each 
in water at constant temperature equilibrated with the gas, 
using oxygen and carbon dioxide electrodes. The carbon dioxide 
electrode was calibrated in water equilibrated at 25° with 
3 per cent or 30 per cent (v/v) carbon dioxide:nitrogen gas 
mixtures (Commonwealth Industrial Gases); the saturating car-
bon dioxide concentration was assumed to be 34 mM. The 
oxygen electrode was calibrated with air, 5 per cent oxygen 
in nitrogen and 2 per cent oxygen in nitrogen (Commonwealth 
Industrial Gases, Sydney), 
In the following treatment it is assumed that oxygen, 
carbon dioxide and water vapour are the only gases utilized 
or evolved. The oxygen consumed per hour is defined as: 
i.e. 
where G = 0 
V, = 
l. 
V = 0 
f = 0 
G 
0 
G 
0 
= oxygen entering 
per h 
= vif - vof' 
0 0 
oxygen consumed per h 
and pressure 
dry gas flow rate into 
dry gas flow rate out 
fraction by volume of 
- oxygen leaving 
per h 
(1) 
at laboratory temperature 
culture vessel 
of culture vessel 
oxygen in dry inlet gas 
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f~ = fraction by volume of oxygen in dry outlet gas. 
Similarly for the carbon dioxide balance: 
(2) 
where Ge= carbon dioxide produced per hat laboratory 
temperature and pressure 
fc = fraction by volume of carbon dioxide in the dry 
inlet gas 
f' = fraction by volume of carbon dioxide in dry 
C 
outlet gas. 
As the amount of carbon dioxide in the air entering the 
culture vessel is so small it has been neglected in comparison 
with that leaving the vessel and equation (2) reduces to: 
G = V f, 
C O C 
(3) 
The pressure of the inlet and exit gases, was measured 
using a U-tube of mercury. Compressed dry air was used in con-
junction with the microferm, but since the CeCa via its own 
compressor supplied moist air, a correction for the vapour pres-
sure of the inlet gas was applied. 
v. = V (1 - pH 20) 
where 
1. w p . 
a-z,r 
V = moist air flow rate into the vessel 
w 
PH O = vapour pressure of water in air entering the 2 
culture vessel, 
determined using standard Tables from the Chemistry 
v
0 
was calculated in the following manner rather than 
meas ur ed d i rectly because of the errors that may be introduced 
into flow meas ur e me n ts . 
The overall gas balance is: 
I 
V + G G 
0 0 C 
PH 0 
2 
-G ---• 
N PAIR 
V 
0 
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(5) 
where GN = dry nitrogen input to the culture vessel and 
(PH
20
!PAIR) ,V
0 
is the water vapour concentration of the outlet 
gas, assuming that air leaving the vessel is saturated with 
water, 
Substituting Eq, 
= V + V.f 
0 1 0 
(2) and (3) into Eq, (5), 
PH 0 
2 V f' Vof' - G - -- • V 
o o c N PAIR o 
from which V = 
0 
vi (1 - f 0 ) + GN 
1 - f\ - f\ - p 
0 C H20 
PAIR 
G and G may subsequently be calculated from 
0 C 
Eq, (1) and (2) and then corrected to standard temperature 
and pressure. From dry weight measurements it is possible to 
express this data as 
weight per h). 
A.3 Electron microscopy 
A.3.1 Prefixation 
(ml or mmole gas per g dry 
Samples were harvested, washed once with 0.1 M sodium 
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cacodylate - 0.05 per cent calcium chloride (pH 6.8) buffer 
(cacodylate buffer) and fixed for two hat room temperature 
followed by 24 hat 0-4°C by resuspending the cells in 10 
volumes of a cacodylate-buffered glutaraldehyde/paraformaldeh y de 
mixture: 1 part 20 per cent paraformaldehyde, 1 part 25 per 
cent glutaraldehyde, 1 part 3.4 per cent sodium chloride, 7 
parts cacodylate buffer. The cells were then washed three 
times for 15 min in a 9 part cacodylate buffer/! part 3.4 per 
cent sodium chloride mixture. 
A, 3, 2 Histochemical incubation 
The basic procedure used for the localization of peroxi-
dase activity in the yeast cells is the DAB method of Novikoff 
and Goldfischer (1969), 
(1972) were incorporated. 
The modifications of Todd and Vigil 
The standard cytochemical incubation 
medium was prepared immediately before use (in acid washed 
glassware) as follows: 20 mg DAB were dissolved in 9.8 ml of 
0.05 M propanediol buffer and 0.2 ml of 1 per cent hydrogen 
peroxide. The pH of the solution was adjusted to 9.0. The 
cells were then incubated for 1 hat 37°c in this mixture 
during which time they were frequently resuspended by agitat i on. 
(i) 
(ii) 
(iii) 
The following procedures were used as controls: 
incubation in standard medium minus hydrogen peroxide; 
incubation in standard medium minus DAB; 
pre-incubation for 20 min at room temperature in 0,05 M 
propanediol buffer containing 0,02 M aminotriazole, 
followed by incubation in standard DAB incubation mix-
ture also containing 0.02 M aminotriazole; 
(iv) pre-incubation for 20 min at room temperature in 
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0.05 M propanediol buffer containing 0.01 M potassium 
cyanide, followed by incubation in standard incubation 
mixture also containing 0,01 M cyanide. 
After incubation, the cells were washed for 20 min in 
three changes of a 9 parts cacodylate buffer/1 part 3.4 per 
cent sodium chloride mixture. 
A.3.4 Postfixation and preparation for viewing 
Cells were postfixed for three hat room temperature 
in the following mixture: l part cacodylate buffer/1 part 
3.4 per cent sodium chloride/2 parts 2.5 per cent osmium 
tetroxide. They were finally washed three times in 4 parts 
cacodylate buffer/1 part 3.4 per cent sodium chloride, dehydra-
ted with methanol and acetone, and embedded in a low viscosity 
epoxy resin (Spurr, 1969), Silver-grey sections were cut with 
diamond knives, mounted on 0,75 per cent Parlodion coated 
copper grids, and either left unstained or stained in 4 per cent 
aqueous uranyl acetate and Sato's lead stain (Sato, 1967). 
Sections were viewed at an accelerating voltage of 75 kv in 
either an Hitachi HUll-A or HU12 electron microscope, 
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